GAUSS’S LAW

22.1.  (a) IDENTIFY and SET UP: @ = J.E cos@dA, where ¢ is the angle between the normal to the sheet n
and the electric field E.
EXECUTE: In this problem E and cos¢ are constant over the surface so
@y, = Ecosg[dA =E cos ¢4 = (14 N/C)(cos 60°)(0.250 m*) =1.8 N-m”/C.
(b) EVALUATE: @ is independent of the shape of the sheet as long as ¢ and E are constant at all points
on the sheet.
(c) EXECUTE: (i) @y = Ecos@A. @ is largest for ¢ =0°, so cos¢ =1 and @y = EA.
(i1) @ is smallest for ¢=90°, so cos¢ =0 and Oy =0.
EVALUATE: @ is 0 when the surface is parallel to the field so no electric field lines pass through the

surface.
22.2. IDENTIFY: The field is uniform and the surface is flat, so use @y = E4Acosg.

SETUP: ¢ is the angle between the normal to the surface and the direction of E, so ¢=70°.
EXECUTE: @ =(75.0 N/C)(0.400 m)(0.600 m)cos70°=6.16 N -m?/C
EVALUATE: Ifthe field were perpendicular to the surface the flux would be ®; = EA=18.0 N- m?/C.

The flux in this problem is much less than this because only the component of E perpendicular to the
surface contributes to the flux.

22.3. IDENTIFY: The electric flux through an area is defined as the product of the component of the electric
field perpendicular to the area times the area.
(a) SET UP: In this case, the electric field is perpendicular to the surface of the sphere, so

®, = EA=E(47r?).
EXECUTE: Substituting in the numbers gives

@, =(1.25x10° N/C)47(0.150 m)*> =3.53x10° N-m*/C
(b) IDENTIFY: We use the electric field due to a point charge.

1
SETUP: E= L
4”60 b

EXECUTE: Solving for ¢ and substituting the numbers gives
1
9.00x10° N-m?/C?
EVALUATE: The flux would be the same no matter how large the sphere, since the area is proportional to

(0.150 m)*(1.25%10® N/C) =313x107° C

q= 47[60r2E =

* while the electric field is proportional to .

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

22-1



22-2

Chapter 22

22.4.

22.5.

22.6.

(a) IDENTIFY: Use Eq. (22.5) to calculate the flux through the surface of the cylinder.
SET Up: The line of charge and the cylinder are sketched in Figure 22.4.

end view

Figure 22.4

EXECUTE: The area of the curved part of the cylinder is 4 =2zl

The electric field is parallel to the end caps of the cylinder, so E-A4=0 for the ends and the flux through
the cylinder end caps is zero.

The electric field is normal to the curved surface of the cylinder and has the same magnitude E =A/27€yr
at all points on this surface. Thus ¢ =0° and

-6
® = Edcos g = EA= (A 2mey)(2rl) = 2 = 3:00X1077 C/m)(0.400 m)

— . =136x10° N-m?/C.
€  8854x107'2 C*N-m

(b) In the calculation in part (a) the radius » of the cylinder divided out, so the flux remains the same,
@, =136x10° N-m?%/C.

Al (3.00x107% C/m)(0.800 m)
(©) Pp=—= 12 2 2
€  8854x107'2 C¥YN-m

=2.71x10° N-m?/C (twice the flux calculated in parts (a)

and (b)).

EVALUATE: The flux depends on the number of field lines that pass through the surface of the
cylinder.

IDENTIFY: The flux through the curved upper half of the hemisphere is the same as the flux through the
flat circle defined by the bottom of the hemisphere because every electric field line that passes through the
flat circle also must pass through the curved surface of the hemisphere.

SET UP: The electric field is perpendicular to the flat circle, so the flux is simply the product of £ and the
area of the flat circle of radius r.

EXECUTE: @y =FA= E(;rr2) =1r’E

EVALUATE: The flux would be the same if the hemisphere were replaced by any other surface bounded
by the flat circle.

IDENTIFY: Use Eq. (22.3) to calculate the flux for each surface.

SETUP: ®=FE-A=FEAcos$ where A= An.

EXECUTE: (a) fig =—j(left). @5 =—(4x10° N/C)(0.10 m)* cos(90°—53.1°) ==32 N-m?/C.
hg =+k(top). ®g =—(4x10° N/C)(0.10 m) cos90° =0.

Ag =+](right). ®g =+(4x10° N/C)(0.10 m)” cos(90°~53.1°) =+32 N-m’/C.

Ag, =—k (bottom). @, =(4x10° N/C)(0.10 m)* cos90° = 0.

Aig, =+ (front). g =+(4x10° N/C)(0.10 m)” cos53.1° =24 N-m?/C.

Ag, =—i (back). ®g =—(4x10° N/C)(0.10 m)’ cos53.1°=—24 N-m’/C.

EVALUATE: (b) The total flux through the cube must be zero; any flux entering the cube must also leave
it, since the field is uniform. Our calculation gives the result; the sum of the fluxes calculated in part (a)
is zero.
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22.7. IDENTIFY: Apply Gauss’s law to a Gaussian surface that coincides with the cell boundary.

SETUP: @ = Qenct.
€

-12
EXECUTE: @ = Oenct _ 8.65x10° ~ € =-0977 N-m?*/C. Oenel 18 negative, so the flux is

€  8854x10712 C*/(N-m?)

inward.

EVALUATE: If the cell were positive, the field would point outward, so the flux would be positive.
22.8. IDENTIFY: Apply Gauss’s law to each surface.

SETUpP: (., is 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) @5 =¢qi/) =(4.00x10™ C)/ey =452 N-m?/C.

(b) g =q,/€,=(~780x107" C)/ey =—881 N-m?/C.

(©) D5, =(q; +q2)/€g =((4.00-780)x10~ C)/€, =—429 N-m?/C.

() D, =(q;+q3)/€y =((4.00+2.40)x10™" C)/ey =723 N-m’/C.

() s, =(q,+4>+q3)/€) = ((4.00-780+2.40)x10™ C)/€y =—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.
22.9. IDENTIFY: Apply the results in Example 22.5 for the field of a spherical shell of charge.

SET UP: Example 22.5 shows that £ =0 inside a uniform spherical shell and that £ = k@ outside the
r
shell.
EXECUTE: (a) E=0.
—6
(b) =0.060 m and E =(8.99x10° N- mz/cz)w =8.74x10" N/C.
(0.060 m)
—6
(¢) r=0110 m and E =(8.99x10° N-m%%% =2.60x10" N/C.
(0110 m)

EVALUATE: Outside the shell the electric field is the same as if all the charge were concentrated at the
center of the shell. But inside the shell the field is not the same as for a point charge at the center of the
shell, inside the shell the electric field is zero.

22.10. IDENTIFY: Apply Gauss’s law to the spherical surface.
SETUP: (., is the algebraic sum of the charges enclosed by the sphere.

EXECUTE: (a) No charge enclosed so @5 =0.
—6.00x10~° C

(b) @ =L “12 A2 2
€ 885x107°° C°/N-m

@ +q,  (400-600)x107 C

(c) P = = 12 2 2
€ 885x107“ C*/N-m

EVALUATE: Negative flux corresponds to flux directed into the enclosed volume. The net flux depends

only on the net charge enclosed by the surface and is not affected by any charges outside the enclosed
volume.

22.11.  (a) IDENTIFY and SET UP: It is rather difficult to calculate the flux directly from & = J. E - dA since the

=-678 N-m?/C.

=-226 N-m?/C.

magnitude of E and its angle with dA varies over the surface of the cube. A much easier approach is to
use Gauss’s law to calculate the total flux through the cube. Let the cube be the Gaussian surface. The
charge enclosed is the point charge.
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22.12.

22.13.

22.14.

22.15.

620x107° C
8.854x10712 C*/N-m
same through each of the six faces, so the flux through one face is
1(7.002x10° N-m*/C) =117x10° N-m’/C.

(b) EVALUATE: In part (a) the size of the cube did not enter into the calculations. The flux through one
face depends only on the amount of charge at the center of the cube. So the answer to (a) would not change

if the size of the cube were changed.
IDENTIFY: Apply the results of Examples 22.9 and 22.10.

EXECUTE: @ =0,/ = ~=7.002x10° N-m*/C. By symmetry the flux is the

SETUP: E= k@ outside the sphere. A proton has charge +e.
r

-19
EXECUTE: (a) E = kM =(8.99x10° N- mz/cz)w =24x10*' N/C

r? (74x107"° m)?
74x107 m

2
—— =13x10" N/C
1.0x1071% m

(b) For r=1.0x10""" m, E=(24x10% N/C)[

(¢) E =0, inside a spherical shell.
EVALUATE: The electric field in an atom is very large.
IDENTIFY: The electric fields are produced by point charges.

SET UP: We use Coulomb’s law, E = @, to calculate the electric fields.
47[60 r
-6
EXECUTE: (a) E =(9.00x10° N- mZ/CZ)M =450x10* N/C
(1.00 m)

500x10° C
(7.00 m)*
(¢) Every field line that enters the sphere on one side leaves it on the other side, so the net flux through the
surface is zero.
EVALUATE: The flux would be zero no matter what shape the surface had, providing that no charge was
inside the surface.
IDENTIFY: Apply the results of Example 22.5.
SET UP: At a point 0.100 m outside the surface, » =0.550 m.
1 ¢ 1 (250x1071°C)

EXECUTE: (a) E= = 5= 7.44 N/C.
4re, 4rey (0550 m)

(b) E =0 inside of a conductor or else free charges would move under the influence of forces, violating
our electrostatic assumptions (i.e., that charges aren’t moving).

EVALUATE: Outside the sphere its electric field is the same as would be produced by a point charge at its
center, with the same charge.

IDENTIFY: Each line lies in the electric field of the other line, and therefore each line experiences a force
due to the other line.

(b) E =(9.00x10° N-m?/C?) 9.18x10% N/C

SET UP: The field of one line at the location of the other is E =

. For charge dg = Adx on one line,
2reyr

the force on it due to the other line is dF = Edg. The total force is F' = j Edg=F J.dq =Egq.
A 520x107% C/m

2meyr 271(8854x10712 C?/(N-m?))(0.300 m)

due to the other is F' = Eq, where g = A(0.0500 m) = 2.60x1077 C. The net force is

F = Eq=(3116x10° N/C)(2.60x10~7 C)=0.0810 N.

EXECUTE: E= =3.116x10° N/C. The force on one line
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EVALUATE: Since the electric field at each line due to the other line is uniform, each segment of line
experiences the same force, so all we need to use is F' = Eq, even though the line is not a point charge.

22.16. IDENTIFY: According to Exercise 21.32, the Earth’s electric field points toward its center. Since Mars’s
electric field is similar to that of Earth, we assume it points toward the center of Mars. Therefore the charge
on Mars must be negative. We use Gauss’s law to relate the electric flux to the charge causing it.

SET UpP: Gauss’s law is @y = 9 and the electric flux is Oy =FA.
€

EXECUTE: (a) Solving Gauss’s law for ¢, putting in the numbers, and recalling that ¢ is negative, gives

q=—€y®; =—(3.63x10'° N-m?*/C)(8.85x10'2 C*/N-m?)=-321x10° C.

(b) Use the definition of electric flux to find the electric field. The area to use is the surface area of Mars.
_ @ _3.63x10'° N-m*/C

_ 2
= = > =2.50x10° N/C
A 47(3.40%x10° m)

g _ —321x10°C
Ayars 47(3.40%x10° m)?

EVALUATE: Even though the charge on Mars is very large, it is spread over a large area, giving a small
surface charge density.
22.17. IDpENTIFY and SET UP: Example 22.5 derived that the electric field just outside the surface of a spherical

4
ﬂ'fo R2

RE (0160 m)*(1150 N/C)
(/4me))  8.988x10° N-m?/C?

(c) The surface charge density on Mars is therefore o = =-221x10"° C/m?

conductor that has net charge g is E =

. Calculate g and from this the number of excess electrons.

EXECUTE: ¢ = =3275x107 C.

Each electron has a charge of magnitude e=1.602 % 107'? C, so the number of excess electrons needed is
3275x107° C

1.602x107" C
EVALUATE: The result we obtained for g is a typical value for the charge of an object. Such net charges
correspond to a large number of excess electrons since the charge of each electron is very small.

22.18. IDENTIFY: Apply Gauss’s law.
SET UP: Draw a cylindrical Gaussian surface with the line of charge as its axis. The cylinder has radius
0.400 m and is 0.0200 m long. The electric field is then 840 N/C at every point on the cylindrical surface
and is directed perpendicular to the surface.

EXECUTE:  § E - dA = EAyyjinger = EQ7rL) = (840 N/C)(27)(0.400 m)(0.0200 m) = 42.2 N-m?/C.

=2.04x10'.

ylinder

The field is parallel to the end caps of the cylinder, so for them @E -dA=0. From Gauss’s law,

q =€y Py =(8.854x107"? C?/N-m?)(42.2 N-m*/C)=3.74x107'" C.
EVALUATE: We could have applied the result in Example 22.6 and solved for A. Then g = AL.

22.19. 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 charge and away from a positive line.
SET UP: The two lines of charge are shown in Figure 22.19.

b
! $(F.2ﬂﬂm A2 = —2.40 uCfm

L 0.400
0200m § "

Ay = +4.80 uC/m

Figure 22.19

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



22-6

Chapter 22

22.20.

22.21.

EXECUTE: (a) At point a, El and Ez are in the +y-direction (toward negative charge, away from
positive charge).

E = (1/27[:50)[(4.80><10’6 C/m)/(0.200 m)] =4314x10° N/C

E, = (1/27[60)[(2.40><1076 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 E 5 is in the —y-direction.

E = (1/272'60)[(4‘80X10_6 C/m)/(0.600 m)] =1.438x10°> N/C

E, = (1/27ze0)[(2.40><1076 C/m)/(0.200 m)] = 2.157x10°> N/C

E=E,-E = 7.2x10* 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: Apply the results of Examples 22.5, 22.6 and 22.7.

SET UP: Gauss’s law can be used to show that the field outside a long conducting cylinder is the same as
for a line of charge along the axis of the cylinder.

EXECUTE: (a) For points outside a uniform spherical charge distribution, all the charge can be considered
to be concentrated at the center of the sphere. The field outside the sphere is thus inversely proportional to
the square of the distance from the center. In this case,

0.200 cm
0.600 cm

(b) For points outside a long cylindrically symmetrical charge distribution, the field is identical to that of a

2
E = (480 N/C)[ ] =53N/C

long line of charge: E =

5 , that is, inversely proportional to the distance from the axis of the cylinder.
”E()r

0.200 cm

In this case E =(480 N/C)
0.600 cm

j =160 N/C.

(¢) The field of an infinite sheet of charge is E =0/2¢,; i.e., it is independent of the distance from the
sheet. Thus in this case E =480 N/C.

EVALUATE: For each of these three distributions of charge the electric field has a different dependence on
distance.

IDENTIFY: The electric field inside the conductor is zero, and all of its initial charge lies on its outer
surface. The introduction of charge into the cavity induces charge onto the surface of the cavity, which
induces an equal but opposite charge on the outer surface of the conductor. The net charge on the outer
surface of the conductor is the sum of the positive charge initially there and the additional negative charge
due to the introduction of the negative charge into the cavity.

(a) SET Up: First find the initial positive charge on the outer surface of the conductor using ¢; = 0’4,
where 4 is the area of its outer surface. Then find the net charge on the surface after the negative charge
has been introduced into the cavity. Finally, use the definition of surface charge density.

EXECUTE: The original positive charge on the outer surface is

¢, =0A=0(4nr*) = (637x107° C/m?)47(0.250 m)* =5.00x107° C
After the introduction of —0.500 £C into the cavity, the outer charge is now
5.00 uC—-0.500 uC =4.50 uC
—6
The surface charge density is now o = 9.4 5= 4.50x10 Cz
A 4zrc  47(0.250 m)

g __ 4
€A 6047[r2

=573x107° C/m?

(b) SET UP: Using Gauss’s law, the electric field is £ = % =
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EXECUTE: Substituting numbers gives

450x107° C

E= — < < =6.47x10° N/C.
(8.85x107'2 C*/N-m?)(47)(0.250 m)

(¢) SETUP: We use Gauss’s law again to find the flux. &5 = g

€
EXECUTE: Substituting numbers gives

0500107 C
885x107'2 CI/N-m
EVALUATE: The excess charge on the conductor is still +5.00 4C, as it originally was. The introduction
of the —0.500 #C inside the cavity merely induced equal but opposite charges (for a net of zero) on the

surfaces of the conductor.
22.22. IDENTIFY: We apply Gauss’s law, taking the Gaussian surface beyond the cavity but inside the solid.

. - =-5.65x10* N-m*/C.

SET Up: Because of the symmetry of the charge, Gauss’s law gives us E| = qul, where 4 is the surface
€

area of a sphere of radius R =9.50 cm centered on the point-charge, and g, is the total charge

contained within that sphere. This charge is the sum of the —2.00 #C point charge at the center of the
cavity plus the charge within the solid between » =6.50 cm and R =9.50 cm. The charge within the solid

iS Gyorig = PV = pUABIIR ~[4/31er°) = ([4731p)(R® ~ ).
EXECUTE: First find the charge within the solid between » =6.50 cm and R =9.50 cm:

Golid = 4?”(7.35><10‘4 C/m*)[(0.0950 m)* - (0.0650 m)*]=1.794x107° C

Now find the total charge within the Gaussian surface:
Grotal = Gsolid + Gpoint = —2.00 uC+1.794 uC =-0.2059 uC

Now find the magnitude of the electric field from Gauss’s law:

pold _ ld _ 0.2059x107° C
€A ednr’  (885x107'2 C*/N-m?)(47)(0.0950 m)?

The fact that the charge is negative means that the electric field points radially inward.
EVALUATE: Because of the uniformity of the charge distribution, the charge beyond 9.50 cm does not
contribute to the electric field.

22.23. IDENTIFY: The magnitude of the electric field is constant at any given distance from the center because
the charge density is uniform inside the sphere. We can use Gauss’s law to relate the field to the charge
causing it.

=2.05x10° N/C.

q

, q L q
(a) SET UpP: Gauss’s law tells us that £4 =—, and the charge density is given by p=—-=—F"—.
V. (4/3)zR>

€
EXECUTE: Solving for g and substituting numbers gives
q = EAey = E(47r?)ey = (1750 N/C)(47)(0.500 m)*(8.85x107'12 C%/N-m?) =4.866x10~® C. Using the
-8
formula for charge density we get p = 9_ 9 3= 486610~ C = 2.60x10~7 C/m°.
V. (43)zR° (4/3)7(0355 m)
(b) SET UP: Take a Gaussian surface of radius » =0.200 m, concentric with the insulating sphere. The

o . 4 . .
charge enclosed within this surface is g, = pV = p(g zr J, and we can treat this charge as a point-

charge, using Coulomb’s law E = LM The charge beyond » =0.200 m makes no contribution to

47[60 }"2
the electric field.
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EXECUTE: First find the enclosed charge:
Gencl = p[%mﬁj =(2.60x1077 C/m3)Ezr(0.zoo m)ﬂ =8.70x107° C
Now treat this charge as a point-charge and use Coulomb’s law to find the field:
-9
E =(9.00x10° N-m%ﬂ)M =196x10° N/C

(0.200 m)
EVALUATE: Outside this sphere, it behaves like a point-charge located at its center. Inside of it, at a
distance  from the center, the field is due only to the charge between the center and 7.

22.24. IDENTIFY: The sheet repels the charge electrically, slowing it down and eventually stopping it at its
closest approach.

SET UP: Let +y be in the direction toward the sheet. The electric field due to the sheet is £ = 9 and
€
the magnitude of the force the sheet exerts on the object is F' =¢gE. Newton’s second law, and the
constant-acceleration kinematics formulas, apply to the object as it is slowing down.
-8 2
Expcure: F=-L o 2000 O 55,08 N,
2¢y  2(8.854x107°° C“/(N-m~))
3 -9
a,=-L - La__ B332xX00 NOOIOIV O _ 5 41510 mis?. Using v2 =3, +2a, (- )
m m 8.20x10™" kg
gives vy, =.[-2a,(y—y) = \/—2(—2.64><103 m/s%)(0.300 m) =39.8 m/s.
EVALUATE: We can use the constant-acceleration kinematics equations because the uniform electric field
of the sheet exerts a constant force on the object, giving it a constant acceleration. We could not use this
approach if the sheet were replaced with a sphere, for example.

22.25. IDENTIFY: The uniform electric field of the sheet exerts a constant force on the proton perpendicular to
the sheet, and therefore does not change the parallel component of its velocity. Newton’s second law
allows us to calculate the proton’s acceleration perpendicular to the sheet, and uniform-acceleration
kinematics allows us to determine its perpendicular velocity component.

SET UP: Let +x be the direction of the initial velocity and let +y be the direction perpendicular to the
sheet and pointing away fromit. a, =0 so v, =v,, = 9.70x10> m/s. The electric field due to the sheet is
E= 2i and the magnitude of the force the sheet exerts on the proton is F' =eE.

€

234x10™ C/m? ,
EXECUTE: E = 9 _ 34X (1)2 (;/m 5= 132.1 N/C. Newton’s second law gives
2y 2(8.854x107~ C°/(N-m~))

Eq _ (1321 N/C)(1.602x107"7 . o
a,= e as X 60_; ) =1.265x10"" m/s?. Kinematics gives

m 1.673%107"" kg
v, =V, ta,y= (1.265><1010 rn/sz)(5.00><10_8 s)=632.7 m/s. The speed of the proton is the magnitude
of ts velocity, so v=\[vZ +vZ =/(9.70x10% m/s)? +(632.7 ms)* =1.16x10° ms.
EVALUATE: We can use the constant-acceleration kinematics equations because the uniform electric field
of the sheet exerts a constant force on the proton, giving it a constant acceleration. We could not use this
approach if the sheet were replaced with a sphere, for example.

22.26. IDENTIFY: The charged sheet exerts a force on the electron and therefore does work on it.

SET UP: The electric field is uniform so the force on the electron is constant during the displacement. The

. . o . .
electric field due to the sheet is £ =—— and the magnitude of the force the sheet exerts on the electron is
€

F =¢qE. The work the force does on the electron is W = Fs. In (b) we can use the work-energy theorem,
VVIOI ZAK =K2 _Kl
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EXECUTE: (a) W =Fs, where s =0.250 m. F = Eg, where

-12 2
E=29 _ 290x10 7 C/m =0.1638 N/C. Therefore the force is

2¢p  2(8854x107'2 C2/(N-m?))
F =(0.1638 N/C)(1.602x107"? C)=2.624x1072° N. The work this force does is W = Fs =6.56x107! J.

1 1 .
(b) Use the work-energy theorem: W, =AK =K, —K;. K;=0. K, =Emv§. So, Emvg =W, which

21
gives v, = El Mlglj):l.bdos m/s.
\ m 9.109x107! kg

EVALUATE: If the field were not constant, we would have to integrate in (a), but we could still use the
work-energy theorem in (b).

22.27. IDENTIFY: The field of the sphere exerts a force on the object as it accelerates away from the sphere, and
therefore does work on it. Coulomb’s law gives the force that the sphere exerts on the object.

2

. 4 . ki
SET Up: The sphere carries charge Q = pV = p(g 7rR3j and produces an electric field £ = k0 for
r

points outside its surface. The work done on the object is W = L:OF (r)dr.

EXECUTE: Q=pV = p(%m@j =(7.20x107° C/m3)(§7rj(0.l 60 m)® =1.235x107' C. Outside the

sphere, £ = k—g The work done on the object is
r
9 2,2 -10 -6
W=J- F(r)dr=quj dr _kQq _ (8988x10" N-m~/C")(1.235x10""" C)(3.40x10 C).
R Ry2 R 0.160 m
W =236x10"" 1.

EVALUATE: Even though the force on the sphere extends to infinity, it does finite work because it gets
weaker and weaker as the distance from the sphere increases.

22.28. IDENTIFY: Apply Gauss’s law and conservation of charge.
SET UP: Use a Gaussian surface that lies wholly within the conducting material.
EXECUTE: (a) Positive charge is attracted to the inner surface of the conductor by the charge in the cavity.
Its magnitude is the same as the cavity charge: g;,,., =+6.00 nC, since £ =0 inside a conductor and a
Gaussian surface that lies wholly within the conductor must enclose zero net charge.

(b) On the outer surface the charge is a combination of the net charge on the conductor and the charge “left
behind” when the +6.00 nC moved to the inner surface:

Gtot = Finner T Gouter = Jouter = Grot — Jinner = 9-00 nC—6.00 nC=-1.00 nC.
EVALUATE: The electric field outside the conductor is due to the charge on its surface.
22.29. IDENTIFY: Apply Gauss’s law to each surface.
SET Up: The field is zero within the plates. By symmetry the field is perpendicular to a plate outside the
plate and can depend only on the distance from the plate. Flux into the enclosed volume is positive.
EXECUTE: S, and S3 enclose no charge, so the flux is zero, and electric field outside the plates is zero.

Between the plates, S; shows that —E4=—q/e, =-0A/€, and E =0/¢,.

EVALUATE: Our result for the field between the plates agrees with the result stated in Example 22.8.
22.30. IpENTIFY: Close to a finite sheet the field is the same as for an infinite sheet. Very far from a finite sheet
the field is that of a point charge.

. . o .. .
SET UP: For an infinite sheet, £ =——. For a positive point charge, E = %
EO 47[60 v
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EXECUTE: (a) At a distance of 0.1 mm from the center, the sheet appears “infinite,” so
50x107
-4 T30 € 6 nic.
26p4  2€,(0.800 m)
(b) At a distance of 100 m from the center, the sheet looks like a point, so:
1 1 (7.50x107° .
L4 _ 1 G0N0 O _ga50% N1
47[60 v 47[60 (l 00 ]’n)
(¢) There would be no difference if the sheet was a conductor. The charge would automatically spread out
evenly over both faces, giving it half the charge density on either face as the insulator but the same electric
field. Far away, they both look like points with the same charge.
EVALUATE: The sheet can be treated as infinite at points where the distance to the sheet is much less than
the distance to the edge of the sheet. The sheet can be treated as a point charge at points for which the
distance to the sheet is much greater than the dimensions of the sheet.
22.31. IDENTIFY: Apply Gauss’s law to a Gaussian surface and calculate E.
(a) SET Up: Consider the charge on a length / of the cylinder. This can be expressed as ¢ = A/. But since
the surface area is 27z7R/ it can also be expressed as ¢ = 027 RI. These two expressions must be equal, so
Al =027Rl and A=27Ro.
(b) Apply Gauss’s law to a Gaussian surface that is a cylinder of length /, radius », and whose axis
coincides with the axis of the charge distribution, as shown in Figure 22.31.
! EXECUTE:
" -T_ - ‘1 Oenct =0 (27RI)
by e
— - O, =27rlE
0 v ) BT
L Il
! !
Figure 22.31
DOy = Qenct gives 27rlE = o@rR)
€ €
g=9R
€7
(c) EVALUATE: Example 22.6 shows that the electric field of an infinite line of charge is E = A/27er.
o= L, so E= oR = =S L = A , the same as for an infinite line of charge that is along the
27R Eor EO}’ 27R 27[60}’
axis of the cylinder.
22.32. IDENTIFY: The net electric field is the vector sum of the fields due to each of the four sheets of charge.

SET Up: The electric field of a large sheet of charge is E = 0/2¢,. The field is directed away from a
positive sheet and toward a negative sheet.

o, |o3| |o 0]
Lol Jof lod lail_ 1

EXECUTE: (a) At A4 E,
2¢g 26y 26y 26y 2¢

(|oo| +|os| +|oy| =[]
E, :i(s 4C/m? +2 uC/m® +4 uC/m?* —6 uC/m?)=2.82x10° N/C to the left.
0

_lal  lool | lou] [oo 1

b) £
( ) B 260 260 260 260 260

(o] +|os] +|ou| = |-

Eg= %(6 4C/m? +2 uC/m? +4 uC/m? —5 uC/m?)=3.95x10° N/C to the left.
€
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o] 1
o L 1 O | o —lov|=lo3)).

Ep= %(4 UC/m? +6 C/m? =5 uC/m> -2 C/m?) =1.69x10° N/C to the left.
0

EVALUATE: The field at C is not zero. The pieces of plastic are not conductors.
22.33. IDENTIFY: Apply Gauss’s law and conservation of charge.

SETUP: E =0 in a conducting material.

EXECUTE: (a) Gauss’s law says +Q on inner surface, so £ =0 inside metal.

(b) The outside surface of the sphere is grounded, so no excess charge.
(¢) Consider a Gaussian sphere with the —Q charge at its center and radius less than the inner radius of the

metal. This sphere encloses net charge —Q so there is an electric field flux through it; there is electric field

in the cavity.
(d) In an electrostatic situation £ =0 inside a conductor. A Gaussian sphere with the —Q charge at its

center and radius greater than the outer radius of the metal encloses zero net charge (the —Q charge and
the +Q on the inner surface of the metal), so there is no flux through it and £ =0 outside the metal.

(e) No, £ =0 there. Yes, the charge has been shielded by the grounded conductor. There is nothing like
positive and negative mass (the gravity force is always attractive), so this cannot be done for gravity.
EVALUATE: Field lines within the cavity terminate on the charges induced on the inner surface.

22.34. 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 cach face is L?, where L =0.300 m.
EXECUTE: (a) fig =—j=® = E iz A=0.

hg =+k = ®, = E - ig A=(3.00 N/C-m)(0300 m)*z = (027 (N/C) -m)z.

@, =(0.27 (N/C)-m)(0.300 m) = 0.08 1(N/C) - m>.

g =+j=®y=E hg A=0.

hg =—k = ®, = E Az A=—(0.27 (N/C)-m)z =0 (since z = 0).

Aig =+ = @5 = E -iig A=(~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?).

hig, =—i = @ = E -fig, 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,
q=e®=-478x10"" C.

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

22.35. IDpENTIFY: Use Eq. (22.3) to calculate the flux through each surface and use Gauss’s law to relate the net
flux to the enclosed charge.
SET Up: Flux into the enclosed volume is negative and flux out of the volume is positive.

EXECUTE: (a) ® = E4 = (125 N/C)(6.0 m?)=750 N-m?/C.
(b) Since the field is parallel to the surface, ® =0.

(c¢) Choose the Gaussian surface to equal the volume’s surface. Then 750 N - m?/C—EA= q/€y and

(2.40><10_8 Cleg+750 N - mz/C) =577 N/C, in the positive x-direction. Since ¢ <0 we must

1
E=6 3

0Om
have some net flux flowing in so the flux is —|EA| on second face.
EVALUATE: (d) ¢ <0 but we have E pointing away from face 1. This is due to an external field that does not

affect the flux but affects the value of E. The electric field is produced by charges both inside and outside the slab.
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22.36. IDENTIFY: The electric field is perpendicular to the square but varies in magnitude over the surface of the
square, so we will need to integrate to find the flux.

SET Up and EXECUTE: E = (964 N/(C- m))xle. Consider a thin rectangular slice parallel to the y-axis and
at coordinate x with width dx. d4 = (Ldx)k. d®, =E -dA = (964 N/(C - m))Lxdx.

L L I?
@, = j , dD; = (964 N/(C-m))L j =964 NIC-m)L| — |
O, = %(964 N/(C - m))(0.350 m)® =20.7 N-m?/C.

EVALUATE: To set up the integral, we take rectangular slices parallel to the y-axis (and not the x-axis)
because the electric field is constant over such a slice. It would not be constant over a slice parallel to the x-axis.

22.37.  (a) IDENTIFY: Find the net flux through the parallelepiped surface and then use that in Gauss’s law to find
the net charge within. Flux out of the surface is positive and flux into the surface is negative.

SETUP: E, gives flux out of the surface. See Figure 22.37a.

EXECUTE: @ =+FE; 4

A =(0.0600 m)(0.0500 m) =3.00x10~> m>
Ey| = E; c0s60° = (2.50x10% N/C)cos60°
E;, =125x10* N/C

Figure 22.37a

Dy =+E; A=+(1.25x10* N/C)(3.00x107> m*) =375 N-m*/C

SET UP: Ez gives flux into the surface. See Figure 22.37b.

EXECUTE: @, =-F, A

A =(0.0600 m)(0.0500 m) =3.00x10"> m?
E, | =E,cos60°= (7.00x10* N/C)cos60°
E,, =3.50x10* N/C

Figure 22.37b

Dy =—E,; A==(350x10* N/C)(3.00x10~> m*)==105.0 N-m*/C
The net flux is @ =®; +®; =+37.5 N-m*/C-105.0 N-m*/C=—67.5 N-m*/C.

The net flux is negative (inward), so the net charge enclosed is negative.

Qenet
€

Ounel = Ppey = (~67.5 N-m?/C)(8854x10712 C*/N-m?) =—-598x107'% C.
(b) EVALUATE: If there were no charge within the parallelpiped the net flux would be zero. This is not the
case, so there is charge inside. The electric field lines that pass out through the surface of the parallelpiped
must terminate on charges, so there also must be charges outside the parallelpiped.

22.38. IDENTIFY: The o particle feels no force where the net electric field due to the two distributions of charge
is zero.
SET UP: The fields can cancel only in the regions A and B shown in Figure 22.38, because only in these
two regions are the two fields in opposite directions.

Apply Gauss’s law: @y =
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EXECUTE: Ej . = Eg..; gives A =2 and r=Alno= 50 4C/m =016 m=16 cm.

2meyr 26, 7(100 4C/m?)
The fields cancel 16 cm from the line in regions 4 and B.
EVALUATE: The result is independent of the distance between the line and the sheet. The electric field of
an infinite sheet of charge is uniform, independent of the distance from the sheet.

g
a

b+
e ;

®

R N |

Figure 22.38

22.39.  (a) IDENTIFY: Apply Gauss’s law to a Gaussian cylinder of length / and radius r, where a <r <b, and

calculate £ on the surface of the cylinder.
SET Up: The Gaussian surface is sketched in Figure 22.39a.

\ e EXECUTE: @ = E(Q27rl)
T
(] :)' . 1, Ouna = A (the charge on the
_______ length / of the inner conductor
l that is inside the Gaussian surface).
Figure 22.39a

O = Qenet gives E(2rrl) = A

€ €
E= 5 . The enclosed charge is positive so the direction of E is radially outward.
”EOr
(b) SET UP: Apply Gauss’s law to a Gaussian cylinder of length / and radius », where » > ¢, as shown in
Figure 22.39b.
- EXECUTE: @ = E(27rl)
A b Ounat = A (the charge on the
| 1| ¥ b length / of the inner conductor
I[ ,l : that is inside the Gaussian surface;
L . the outer conductor carries no
FLE. ! net charge).
Figure 22.39b

Oy = % gives EQrrl) = ﬂ
€ €

A
27[60}"
(¢) £ = 0 within a conductor. Thus £ =0 for r < a;

E= . The enclosed charge is positive so the direction of E is radially outward.

E=

fora<r<b;E=0forb<r<c;
2reyr

E= for r > ¢. The graph of E versus r is sketched in Figure 22.39c.

2reyr
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22.40.

Figure 22.39¢

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 », where
b <r<c. We know E on this surface; calculate O, ;.

EXECUTE: This surface lies within the conductor of the outer cylinder, where E =0, so ®; =0. Thus by
Gauss’s law Q.. =0. The surface encloses charge A/ on the inner conductor, so it must enclose charge

—Al on the inner 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 —A4 on its
inner surface there must be charge per unit 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.

SET UP: Use a Gaussian surface that is a cylinder of radius 7, length / and that has the line of charge along
its axis. The charge on a length / of the line of charge or of the tube is ¢ = &!.

EXECUTE: (a) (i) For » <a, Gauss’s law gives E(27zrl) =% =ﬁl and E=—2—
I € 2reyr

(ii) The electric field is zero because these points are within the conducting material.

. 2
(iii) For r > b, Gauss’s law gives E(27zrl) :% :ﬂ and E=—%.
60 60 72'601’

The graph of E versus r is sketched in Figure 22.40.

(b) (i) The Gaussian cylinder with radius , for a <r <b, must enclose zero net charge, so the charge per
unit length on the inner surface is —¢. (ii) Since the net charge per length for the tube is +& and there is
—a on the inner surface, the charge per unit length on the outer surface must be +2¢.

EVALUATE: For r>b the electric field is due to the charge on the outer surface of the tube.

E

a /]

Figure 22.40
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22.41.  (a) IDENTIFY: Use Gauss’s law to calculate E(r).
(1)) SETUP: r<a: Apply Gauss’s law to a cylindrical Gaussian surface of length / and radius r, where

r<a, as sketched in Figure 22.41a.

—& : EXECUTE: @y = EQ7zrl)
@ n A Oepel =l (the charge on the
U b length [ of the line of charge)
Figure 22.41a

O, = Genet gives £ty =2
€ €

E= . The enclosed charge is positive so the direction of E is radially outward.

2reyr
(i) @ <r<b: Points in this region are within the conducting tube, so. E = 0.
(ii1)) SET UP:  »>b: Apply Gauss’s law to a cylindrical Gaussian surface of length / and radius », where
r > b, as sketched in Figure 22.41b.

{ EXECUTE: ®f = EQ27r])

O.nel =0 (the charge on length

O Ly \
n K r ! [ of the line of charge) —a! (the
= - i charge on length / of the tube)
U 4 y Thus Qe =0.
L T
Figure 22.41b

Op = Qent gives E(2zzrl) =0 and E = 0. The graph of E versus r is sketched in Figure 22.41c.
€

Figure 22.41c¢

(b) IDENTIFY: Apply Gauss’s law to cylindrical surfaces that lie just outside the inner and outer surfaces
of the tube. We know E so can calculate Q..

(1) SET Up: inner surface
Apply Gauss’s law to a cylindrical Gaussian surface of length / and radius r, where a <r <b.

EXECUTE: This surface lies within the conductor of the tube, where E = 0, so ®; =0. Then by Gauss’s
law Q.. =0. The surface encloses charge &/ on the line of charge so must enclose charge —a/ on the
inner surface of the tube. The charge per unit length on the inner surface of the tube is —c.
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(ii) outer surface

The net charge per unit length on the tube is —«. We have shown in part (i) that this must all reside on the
inner surface, so there is no net charge on the outer surface of the tube.

EVALUATE: For r<a the electric field is due only to the line of charge. For » > 5 the electric field of
the tube is the same as for a line of charge along its axis. The fields of the line of charge and of the tube are
equal in magnitude and opposite in direction and sum to zero. For » < a the electric field lines originate on
the line of charge and terminate on the surface charge on the inner surface of the tube. There is no electric

field outside the tube and no surface charge on the outer surface of the tube.
22.42. IDENTIFY: Apply Gauss’s law.

SET UP: Use a Gaussian surface that is a cylinder of radius  and length /, and that is coaxial with the
cylindrical charge distributions. The volume of the Gaussian cylinder is 7r21 and the area of its curved

surface is 27zrl. The charge on a length / of the charge distribution is ¢ = A/, where A= pzz’Rz.

2
EXECUTE: (a)For r<R, Qg = prr’l and Gauss’s law gives E(27rl) = Gene _ P71 and E = ﬂ,
EO € 260
radially outward.
2
(b) For ¥ >R, Qg == p7zR21 and Gauss’s law gives EQ2zrl) = % = PR and

€y €

2
260}" 27[60}"

, radially outward.

. . R .
(c) At » =R, the electric field for BOTH regions is E = 5—, so they are consistent.
€
(d) The graph of E versus r is sketched in Figure 22.42.
EVALUATE: For >R the field is the same as for a line of charge along the axis of the cylinder.
E

L 1 =

R 2R

Figure 22.42

22.43. IDENTIFY: First make a free-body diagram of the sphere. The electric force acts to the left on it since the
electric field due to the sheet is horizontal. Since it hangs at rest, the sphere is in equilibrium so the forces
on it add to zero, by Newton’s first law. Balance horizontal and vertical force components separately.
SET UP: Call T the tension in the thread and E the electric field. Balancing horizontal forces gives
T sin@ = gE. Balancing vertical forces we get T cos@ = mg. Combining these equations gives

tan @ = gE/mg, which means that @ = arctan (¢E/mg). The electric field for a sheet of charge is

E = 0'/280.
EXECUTE: Substituting the numbers gives us
-9 2
E=2 230x10 ZC/m” 415102 N/C. Then

T2, 2(885x1072 CEN-m?)
(5.00x107° C)(1.41x10% N/C) |
(4.00x107° kg)(9.80 m/s?)

EVALUATE: Increasing the field, or decreasing the mass of the sphere, would cause the sphere to hang at a
larger angle.

6 = arctan

10.2°.
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22.44. IDENTIFY: Apply Gauss’s law.
SET UpP: Use a Gaussian surface that is a sphere of radius r and that is concentric with the conducting

spheres.
EXECUTE: (a) For r<a, E =0, since these points are within the conducting material.
For a<r<b,E= %, since there is +¢ inside a radius r.

47[60 r

For b<r<c, E=0, since these points are within the conducting material.

%, since again the total charge enclosed is +g.
47[60 v

(b) The graph of E versus r is sketched in Figure 22.44a.
(¢) Since the Gaussian sphere of radius 7, for b < r < ¢, must enclose zero net charge, the charge on the
inner shell surface is —gq.

For r>c, E =

(d) Since the hollow sphere has no net charge and has charge —g on its inner surface, the charge on the
outer shell surface is +g¢.
(e) The field lines are sketched in Figure 22.44b. 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.

C) (b)
Figure 22.44

22.45. IDENTIFY: Apply Gauss’s law.
SET UP: Use a Gaussian surface that is a sphere of radius » and that is concentric with the charge

distributions.
EXECUTE: (a) For » <R, E =0, since these points are within the conducting material. For R <r <2R,
= %, since the charge enclosed is Q. The field is radially outward. For » >2R, E = ! %
47[50 r 47[60 r

since the charge enclosed is 2Q. The field is radially outward.
(b) The graph of E versus r is sketched in Figure 22.45.
EVALUATE: For r<2R the electric field is unaffected by the presence of the charged shell.

E

Figure 22.45
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22.46. IDENTIFY: Apply Gauss’s law and conservation of charge.
SET UpP: Use a Gaussian surface that is a sphere of radius  and that has the point charge at its center.

EXECUTE: (a) For r<a, E= radially outward, since the charge enclosed is Q, the charge of

47[60 }"2 ’

the point charge. For a <» <b, E =0 since these points are within the conducting material. For » > b,

__1 20 radially inward, since the total enclosed charge is —20.

(b) Since a Gaussian surface with radius 7, for a <r <b, must enclose zero net charge, the total charge on

the inner surface is —Q and the surface charge density on the inner surface is 0 =— 2 0 5
za
(c) Since the net charge on the shell is —3Q and there is —Q on the inner surface, there must be —2Q on
. . 2
the outer surface. The surface charge density on the outer surface is o =— 22 .
4r

(d) The field lines and the locations of the charges are sketched in Figure 22.46a.
(e) The graph of E versus r is sketched in Figure 22.46b.

—Q spread on
inner surface

—2(0 spread on outer
surface a b

(a) (b)

Figure 22.46

EVALUATE: For r<a the electric field is due solely to the point charge Q. For » > b the electric field is
due to the charge —2Q that is on the outer surface of the shell.

22.47. IDENTIFY: Apply Gauss’s law to a spherical Gaussian surface with radius . Calculate the electric field at
the surface of the Gaussian sphere.
(a) SETUP: (i) r <a: The Gaussian surface is sketched in Figure 22.47a.

EXECUTE: @ = EA=E(4nr?)
QOenel = 0; no charge is enclosed

q)E — Qencl says
€

E(4zr*)=0and E =0.

Figure 22.47a

(i) a <r <b: Points in this region are in the conductor of the small shell, so £ =0.
(iii) SET Up: b <r < c: The Gaussian surface is sketched in Figure 22.47b.
Apply Gauss’s law to a spherical Gaussian surface with radius b <r <c.
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EXECUTE: ®y = EA= E(47r%)
The Gaussian surface encloses all
of the small shell and none of the
large shell, so O, =+24.

Figure 22.47b

. 2 2 . . . . .
Oy = Qenel gives E(47zr2) =4 op=—"9 5 Since the enclosed charge is positive the electric field is
€ € dreyr

radially outward.

(iv) ¢ <r<d: Points in this region are in the conductor of the large shell, so £ =0.

(v)SETUP: r>d: Apply Gauss’s law to a spherical Gaussian surface with radius » > d, as shown in
Figure 22.47c.

EXECUTE: ®y = EA= E(47r%)

The Gaussian surface encloses all
of the small shell and all of the
large shell, so O, =+2¢q +4q =6q.

Figure 22.47¢

Dy = %gives E(4ﬂ'7’2) = 4
€ €

E= : 64 5 Since the enclosed charge is positive the electric field is radially outward.
7[60]"
The graph of E versus r is sketched in Figure 22.47d.

E

6glamegd? +

2qfdmegh® +

Figure 22.47d

(b) IDENTIFY and SET UP: Apply Gauss’s law to a sphere that lies outside the surface of the shell for
which we want to find the surface charge.

EXECUTE: (i) charge on inner surface of the small shell: Apply Gauss’s law to a spherical Gaussian
surface with radius a < r < b. This surface lies within the conductor of the small shell, where E =0, so

@y =0. Thus by Gauss’s law O, =0, so there is zero charge on the inner surface of the small shell.
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22.48.

22.49.

(ii) charge on outer surface of the small shell: The total charge on the small shell is +2¢g. We found in part
(i) that there is zero charge on the inner surface of the shell, so all +2¢g must reside on the outer surface.

(iii) charge on inner surface of large shell: Apply Gauss’s law to a spherical Gaussian surface with radius
¢ <r<d. The surface lies within the conductor of the large shell, where E =0, so ®; =0. Thus by

Gauss’s law O, =0. The surface encloses the +2¢ on the small shell so there must be charge —2g on

the inner surface of the large shell to make the total enclosed charge zero.
(iv) charge on outer surface of large shell: The total charge on the large shell is +4¢g. We showed in part

(iii) that the charge on the inner surface is —2¢, so there must be +6g on the outer surface.

EVALUATE: The electric field lines for b <r <c¢ originate from the surface charge on the outer surface of
the inner shell and all terminate on the surface charge on the inner surface of the outer shell. These surface
charges have equal magnitude and opposite sign. The electric field lines for » > d originate from the
surface charge on the outer surface of the outer sphere.

IDENTIFY: Apply Gauss’s law.

SET UP: Use a Gaussian surface that is a sphere of radius » and that is concentric with the charged shells.
EXECUTE: (a) (i) For r <a, E =0, since the charge enclosed is zero. (ii) For a <r <b, E =0, since the
29

T
4”60 }“2

points are within the conducting material. (iii) For b<r<c, E = outward, since the charge

enclosed is +2¢. (iv) For ¢<r <d, E =0, since the points are within the conducting material. (v) For
r>d, E =0, since the net charge enclosed is zero. The graph of E versus r is sketched in Figure 22.48.
(b) (i) small shell inner surface: Since a Gaussian surface with radius r, for a <r <b, must enclose zero
net charge, the charge on this surface is zero. (ii) small shell outer surface: +2¢. (iii) large shell inner
surface: Since a Gaussian surface with radius 7, for ¢ <r <d, must enclose zero net charge, the charge on
this surface is —2¢. (iv) large shell outer surface: Since there is —2¢ on the inner surface and the total
charge on this conductor is —2¢, the charge on this surface is zero.

EVALUATE: The outer shell has no effect on the electric field for » <c. For r>d the electric field is due
only to the charge on the outer surface of the larger shell.

E

a b c d

Figure 22.48

IDENTIFY: Apply Gauss’s law
SET Up: Use a Gaussian surface that is a sphere of radius  and that is concentric with the charged shells.
EXECUTE: (a) (i) Forr <a, E =0, since the charge enclosed is zero. (ii) a <r <b, E =0, since the points
2q

=

are within the conducting material. (iii) For b<r<c, E =
47 60 v

outward, since the charge enclosed

is +2¢q. (iv) For c<r<d, E =0, since the points are within the conducting material. (v) For

12
47[60 }"2 ’

r>d,E= inward, since the charge enclosed is —2¢g. The graph of the radial component of the

electric field versus 7 is sketched in Figure 22.49, where we use the convention that outward field is
positive and inward field is negative.
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(b) (i) small shell inner surface: Since a Gaussian surface with radius 7, for a <r < b, must enclose zero
net charge, the charge on this surface is zero. (ii) small shell outer surface: +2¢. (iii) large shell inner
surface: Since a Gaussian surface with radius 7, for ¢ <r <d, must enclose zero net charge, the charge on
this surface is —2¢. (iv) large shell outer surface: Since there is —2¢ on the inner surface and the total
charge on this conductor is —4¢, the charge on this surface is —2g.
EVALUATE: The outer shell has no effect on the electric field for » <c. For r>d the electric field is due
only to the charge on the outer surface of the larger shell.

E

a b ¢ I//‘_ "
Figure 22.49

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

. . . 4 2
shell. The volume of the insulating shell is V' = Eﬂ([zR]S - R3) = %R?

287 pR®
_BpR 30
3 287R
(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

EXECUTE: (a) Zero net charge requires that —Q

E(47zr2) = Q + 43”—p(r3 - R3) and E = _Q +L2(r3 —R3). Substituting p from part (a) gives

€ € 47zeor2 3eyr
2 0 or o . .. .
E= - 3 The net enclosed charge for each 7 in this range is positive and the electric field
Trey r=  287eyR
is outward.

(¢) The graph is sketched in Figure 22.50. 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.

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

E

70/(287¢yR2)

T, I N ——
[
=

Figure 22.50
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22.51.  IDENTIFY: Use Gauss’s law to find the electric field E produced by the shell for » <R and » >R and
then use F =g¢E to find the force the shell exerts on the point charge.
(a) SET UP: Apply Gauss’s law to a spherical Gaussian surface that has radius » > R and that is

concentric with the shell, as sketched in Figure 22.51a.
~ EXECUTE: ®f = —E(47zr2)

4 —
ff \ Qencl - Q

Figure 22.51a
@ Qencl _Q

g =% gives —E(47rr2) =—
€ €

Y

4reyr

The magnitude of the field is F = and it is directed toward the center of the shell. Then

F=gFE= directed toward the center of the shell. (Since g is positive, E and F are in the same

P

direction.)
(b) SET UP: Apply Gauss’s law to a spherical Gaussian surface that has radius » < R and that is
concentric with the shell, as sketched in Figure 22.51b.

EXECUTE: @ = E(47rr2)
Qencl =0

Figure 22.51b

O, = Qenat gives E(47r?) =0

€
Then E=0so0 F=0.
EVALUATE: Outside the shell the electric field and the force it exerts is the same as for a point charge —Q
located at the center of the shell. Inside the shell £=0 and there is no force.

22.52. IDENTIFY: The method of Example 22.9 shows that the electric field outside the sphere is the same as for
a point charge of the same charge located at the center of the sphere.

SET UP: The charge of an electron has magnitude e = 1.60x107" C.

EXECUTE: (a) Ezkg. For r=R=0.150 m, E=1390 N/Cso
r

=3.479x10~° C. The number of excess electrons is

|- Er® _ (1390 N/C)(0.150 m)°
k 899x10° N-m?/C?
3.479%107 C

5 =217x10'° electrons.
1.60x107"” C/electron

3.479x107° C

0250 m)? =5.00x10% N/C.
. m

(b) »=R+0.100 m =0.250 m. E=k@=(8.99><109 N-m?/C?)
r
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EVALUATE: The magnitude of the electric field decreases according to the square of the distance from the
center of the sphere.

22.53. IDENTIFY: We apply Gauss’s law in (a) and take a spherical Gaussian surface because of the spherical
symmetry of the charge distribution. In (b), the net field is the vector sum of the field due to ¢ and the field
due to the sphere.

(@) SETUP:  p(r)==, dV =4ar’dr, and Q=" p(r)dV.
r a

EXECUTE: For a Gaussian sphere of radius 7, Q. = J. ' p(rYdV = 47[0(.[ "rdr = 47[0(%(1*2 —a%). Gauss’s
a a

2_ 2 2
law says that E(47zr2) = M, which gives E = 2 1—a—2 .
EO 260 7
(b) The electric field of the point charge is £, = 9 __ The total electric field
4Areyr
a ad q oa® q
8Egq =2——%5—— 5. For Ejyy to be constant, ———+-——=0 and ¢ = 270a’. The
26y 2¢yr Areyr 2¢y 4re

. .o
constant electric field is —.
260

EVALUATE: The net field is constant, but not zero.
22.54. IDENTIFY: Example 22.9 gives the expression for the electric field both inside and outside a uniformly
charged sphere. Use F =—eE to calculate the force on the electron.
SET UpP: The sphere has charge O =+e.
EXECUTE: (a)Only at »=0 is £=0 for the uniformly charged sphere.

o - 1 &

(b) At points inside the sphere, E, = e 5~ The field is radially outward. F,. =—eE =— e_;’. The
4reyR 4dzey R

minus sign denotes that F, is radially inward. For simple harmonic motion, F, =—kr=— ma’r, where
1

o=\kim=2rf. F.=-mo*r=-

S E 4re, R3 \j 47r50 mR3 Y \j 47[60 mR3
14 l 1 e
©If f=457x10" Hz= then

" 27\ 4zwey mR®

Resl ! (1.60x107Y €)%
4rrey 47%(911x107! kg)(4.57x10'* Hz)?

correct order of magnitude.

=313x107'" m. The atom radius in this model is the

2
. The electron would still oscillate because the force is

@If r>R, E.= and F, =—

47[60}" 47[60}"

directed toward the equilibrium position at » = 0. But the motion would not be simple harmonic, since F,

is proportional to 1/r? and simple harmonic motion requires that the restoring force be proportional to the
displacement from equilibrium.

EVALUATE: As long as the initial displacement is less than R the frequency of the motion is independent
of the initial displacement.

22.55. 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.

SET Up: The positions of the electrons are sketched in Figure 22.55a.
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+2e If the electrons are in
equilibrium the net force on
each one is zero.

Figure 22.55a
EXECUTE: Consider the forces on electron 2. There is a repulsive force F{ due to the other electron,
electron 1.
1 2
F=r——

4rey (2d)

The electric field inside the uniform distribution of positive charge is E = 2 d 5 (Example 22.9), where
ﬁfoR
QO =+2e. At the position of electron 2, » =d. The force Iy exerted by the positive charge distribution is
Fy=eE= 6(26)013 and is attractive.
47[60R

The force diagram for electron 2 is given in Figure 22.55b.

'Ld F
4-—.——-14-»
Figure 22.55b
1 & 2¢%d

Net force equals zero implies F; =F,y and ———=——.
VT dney 4 ane,R

Thus (1/4d?)=2d/R>, so d* = R%/8 and d = 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.

22.56. IDENTIFY: Use Gauss’s law to find the electric field both inside and outside the slab.
SET Up: Use a Gaussian surface that has one face of area 4 in the yz plane at x =0, and the other face at
a general value x. The volume enclosed by such a Gaussian surface is Ax.
EXECUTE: (a) The electric field of the slab must be zero by symmetry. There is no preferred direction in
the y z plane, so the electric field can only point in the x-direction. But at the origin, neither the positive
nor negative x-directions should be singled out as special, and so the field must be zero.

A .
(b) For |x< d, Gauss’s law gives EA = Qenet _ ,0_|x| and E = m, with direction given by i (away
E() 60 60 |x|
from the center of the slab). Note that this expression does give £ =0 at x=0. Outside the slab, the

enclosed charge does not depend on x and is equal to pAd. For |x| >d, Gauss’s law gives

EA= Qenel = pAd and E = p_d’ again with direction given by x5

€ € € |x|
EVALUATE: At the surfaces of the slab, x ==%d. For these values of x the two expressions for E (for
inside and outside the slab) give the same result. The charge per unit area o of the slab is given by
0A=pA(2d) and pd =0o/2. The result for E outside the slab can therefore be written as E = 0/2¢, and

is the same as for a thin sheet of charge.
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22.57.  (a) IDENTIFY and SET UP: Consider the direction of the field for x slightly greater than and slightly less
than zero. The slab is sketched in Figure 22.57a.

p(x) = po(xld)?

Figure 22.57a

EXECUTE: The charge distribution is symmetric about x =0, so by symmetry E(x)= E(—x). But for
x>0 the field is in the +x direction and for x <0 the field is in the —x direction. At x=0 the field
can’t be both in the +x and —x directions so must be zero. That is, E (x)=—E, (—x). At point x=0 this

gives E, (0)=-E (0) and this equation is satisfied only for £,(0)=0.
(b) IDENTIFY and SET UP:  |x| > d (outside the slab)

Apply Gauss’s law to a cylindrical Gaussian surface whose axis is perpendicular to the slab and whose end
caps have area 4 and are the same distance |x| >d from x =0, as shown in Figure 22.57b.

EXECUTE: @ =2F4

Vel

[

Figure 22.57b
K= To find Q. consider a thin disk at coordinate x and
:Eérh 1" with thickness dx, as shown in Figure 22.57c.
xt i Y The charge within this disk is
: 1 d
— ' dq = pdV = pAdx = (pyAld*) x*dx.
Figure 22.57¢

The total charge enclosed by the Gaussian cylinder is

d d
Ounel = 2j0 dq =(2py4/d*)| . Xdx = 2pyAld*)d*13) =2 pyAd.

Then @, = Qenct gives 2EA = 2p,Ad/3 ¢,
€

E= pod/3 €y
E is directed away from x =0, so E = (p,d/3€,)(x/|x|)i.
(c) IDENTIFY and SET UP:  |x| < d (inside the slab)

Apply Gauss’s law to a cylindrical Gaussian surface whose axis is perpendicular to the slab and whose end
caps have area 4 and are the same distance |x| <d from x =0, as shown in Figure 22.57d

EXECUTE: ®;=2FA

Figure 22.57d
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Oene 18 found as above, but now the integral on dx is only from 0 to x instead of 0 do d.

Opre =2 j ;‘dq = (2pyAld®) j :xzdx = 2pyAld*)(13).

Then @ = 2l gives 274 = 2pAx*3eyd?.
€
E = p0x3/3 éodz
E is directed away fromx =0, so E = (p0x3/3 fodz)f.
EVALUATE: Note that £ =0 at x =0 as stated in part (a). Note also that the expressions for |x| >d and
|x|<d agree forx=d.

22.58. IDENTIFY: Apply Gauss’s law.
SET UP: Use a Gaussian surface that is a sphere of radius » and that is concentric with the spherical

distribution of charge. The volume of a thin spherical shell of radius 7 and thickness dr is dV = 4rrtdr.
) _ P 2, _ R(L 4r) o, Ry, 4R 3
EXECUTE: (a) 0= | p(r)dV_4;zj0 P(r)r dr_4f:p0j0 [1 3Rjr dr = 47p, { jo ridr-— jo r dr}

3 4
R iR—} =0. The total charge is zero.

:4 —
Q ”p‘{:s 3R 4

(b) For >R, @E-dﬁ:ﬁw, so E=0.
€
A o r

(¢) For r <R, qSE -dA = —Qe“d = _J.O p(r')r’2dr'. Edrr? = —4”’00 U()r r’2dr'—3iRj(: r'3dr’} and
€ € €

(d) The graph of E versus r is sketched in Figure 22.58.
(e) Where E is a maximum, j—E =0. This gives Lo _ M =0 and ., = g At this r,
r

3, 3R

p=Po R _1I_AR
360 2 2 1260

EVALUATE: The result in part (b) for » <R gives £ =0 at » =R; the field is continuous at the surface

of the charge distribution.

poR[12¢eg -

Figure 22.58

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Gauss’s Law 22-27

22.59. IDpENTIFY: Follow the steps specified in the problem.
SET Up: In spherical polar coordinates dA =r*sin@d@d¢ F. @sin 0d0do=4r.

2.
EXECUTE: (a) ®, =§§ dd=-Gm @M = —47Gm.
r

(b) For any closed surface, mass OUTSIDE the surface contributes zero to the flux passing through the
surface. Thus the formula above holds for any situation where m is the mass enclosed by the Gaussian

surface.

That is, @, = g-dAd =—47GM .

EVALUATE: The minus sign in the expression for the flux signifies that the flux is directed inward.
22.60.  IDENTIFY: Apply $g-dd =—47GM .

SET Up: Use a Gaussian surface that is a sphere of radius 7, concentric with the mass distribution. Let

@, denote (]5 g-dA

EXECUTE: (a) Use a Gaussian sphere with radius » > R, where R is the radius of the mass distribution.

g is constant on this surface and the flux is inward. The enclosed mass is M. Therefore,

D, = —g47£r2 =—47GM and g= %, which is the same as for a point mass.
r

(b) For a Gaussian sphere of radius » < R, where R is the radius of the shell, M, =0,s0 g=0.
(¢) Use a Gaussian sphere of radius » < R, where R is the radius of the planet. Then

4 o : M)
My = p(gﬂr3j = Mr*/R®. This gives @, =—g41r> = —42GM 4 =—47G [M %J and g = %,

which is linear in 7.
EVALUATE: The spherically symmetric distribution of mass results in an acceleration due to gravity g

that is radical and that depends only on 7, the distance from the center of the mass distribution.
22.61. (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.
SET Up: For an insulating sphere of uniform charge density p and centered at the origin, the electric

field inside the sphere is given by E = Qr'/ 47[:50R3 (Example 22.9), where 7’ is the vector from the center
of the sphere to the point where E is calculated.
But p =30Q/47R® so this may be written as E = pr/3¢,. And E is radially outward, in the direction of

7', 50 E = pr'/3¢,.
For a sphere whose center is located by vector b, a point inside the sphere and located by 7 is located by

the vector 7' =7 —b relative to the center of the sphere, as shown in Figure 22.61.

EXECUTE: Thus E _pr=b)
3¢

\r' - b
5

b

Figure 22.61

EVALUATE: When b =0 this reduces to the result of Example 22.9. When 7 =b, this gives E =0,
which is correct since we know that £ =0 at the center of the sphere.
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22.62.

22.63.

(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 7 =b.
SETUP:  E = E it0m + Enote> Where E o is the field of a uniformly charged sphere with charge

density p and 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.)

= ¥ .
EXECUTE: E itom = p_’ where 7 is a vector from the center of the sphere.
360

E hole = w, at points inside the hole.

€

Then E:ﬂ+[
€

—p(f—B)j _pb
3¢, 3¢,

EVALUATE: E is independent of 7 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.
IDENTIFY: We first find the field of a cylinder off-axis, then the electric field in a hole in a cylinder is the
difference between two electric fields: that of a solid cylinder on-axis, and one off-axis, at the location of the hole.
SETUP: Let 7 locate a point within the hole, relative to the axis of the cylinder and let 7” locate this
point relative to the axis of the hole. Let b locate the axis of the hole relative to the axis of the cylinder. As
shown in Figure 22.62, 7’ =F — b. Problem 22.42 shows that at points within a long insulating cylinder,

F=Pr
260

pF _pF-b) = - - pr_p(F-b)_pb

EXECUTE: E = - Epge = Eotinger — Eofraxis =+
260 ole cylinder off —axis 2¢ 260 260

off —axis — e

Note that E is uniform.
EVALUATE: If the hole is coaxial with the cylinder, 5 =0 and Ej . =0.

‘
z

Figure 22.62

IDENTIFY: The electric field at each point is the vector sum of the fields of the two charge distributions.

SET UP: Inside a sphere of uniform positive charge, E = 3{)_}’
€

p=—Q ——3Q so E = or

3= 3 = 3> directed away from the center of the sphere. Outside a sphere of
37R°  47R 47eyR

directed away from the center of the sphere.

uniform positive charge, £ = 5
47[60}"
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EXECUTE: (a) x=0. This point is inside sphere 1 and outside sphere 2. The fields are shown in

Figure 22.63a.
¥
E = or =0, since 7 =0.
E, 4reyR
- i
Figure 22.63a
E,= 0 > with 7 =2R s0 E, =L2, in the —x-direction.
4reyr l67eyR
Thus E = E, + E, :_sz_
1677€,R

(b) x=R/2. This point is inside sphere 1 and outside sphere 2. Each field is directed away from the center
of the sphere that produces it. The fields are shown in Figure 22.63b.

E=—< S with 7= R/2 50
47[60R
o
El = )
87[60R
Figure 22.63b
E, = with 7 =3R/2s0 E, =
2 47[60r2 ? 972'60R2
E=E -E,= LQ, in the +x-direction and E = LZIA
T27eyR T2rmegR

(¢) x=R. This point is at the surface of each sphere. The fields have equal magnitudes and opposite
directions, so £ =0.

(d) x=3R. This point is outside both spheres. Each field is directed away from the center of the sphere
that produces it. The fields are shown in Figure 22.63c.

5

E = Q with 7 =3R so
E, dreyr
I. =r—l-- 3 El — Q 5
By 367€,R
Figure 22.63¢
Ey=—2 withr=Rso Ey =—2—
4reyr 4meyR
E=E+E,= 0 in the +x-direction and E = 0 ;

2’ 2!
187€yR 187€eyR
EVALUATE: The field of each sphere is radially outward from the center of the sphere. We must use the
correct expression for E(r) for each sphere, depending on whether the field point is inside or outside that
sphere.
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22.64. IDENTIFY: The net electric field at any point is the vector sum of the fields at each sphere.
SET UP: Example 22.9 gives the electric field inside and outside a uniformly charged sphere. For the
positively charged sphere the field is radially outward and for the negatively charged sphere the electric
field is radially inward.
EXECUTE: (a) At this point the field of the left-hand sphere is zero and the field of the right-hand sphere
is toward the center of that sphere, in the +x-direction. This point is outside the right-hand sphere, a
2 ;
4rey 4R*
(b) This point is inside the left-hand sphere, at » = R/2, and is outside the right-hand sphere, at » =3R/2.
Both fields are in the +x-direction.

__Ljowry 0 |._ 1 {gng}::;nQ:
4rmey| R®  (3RR2)*| 4re

distance »=2R from its center. E =+

o518

—1i.
2R?> 9R*| 4re, 18R?
(¢) This point is outside both spheres, at a distance » = R from their centers. Both fields are in the
+x-direction. E = ! [% +%}A = 0 3 i.

drey  R© R 2meyR
(d) This point is outside both spheres, a distance » =3R from the center of the left-hand sphere and a

distance » =R from the center of the right-hand sphere. The field of the left-hand sphere is in the
+x-direction and the field of the right-hand sphere is in the —x-direction.

o1 | @ Q4 1 {i_g};_ -1 80,
- 2 p2 | T 2 p2 |~ 27
4zey| B3R R 4drey| 9R® R 4rzey 9R
EVALUATE: At all points on the x-axis the net field is parallel to the x-axis.
22.65. p(r)= po(1-r/R) for r < R where p, = 3Q/ﬂ'R3. p(r)=0forr=R

(a) IDENTIFY: The charge density varies with r inside the spherical volume. Divide the volume up into thin
concentric shells, of radius » and thickness dr. Find the charge dg in each shell and integrate to find the total charge.
SET UP: The thin shell is sketched in Figure 22.65a.

EXECUTE: The volume of such a

shell is dV = 4zrdr.
The charge contained within the shell is

dq = p(r)dV = 4zr? py(1 - r/R)dr.

Figure 22.65a

The total charge Q in the charge distribution is obtained by integrating dg over all such shells into which
the sphere can be subdivided:

R R
0= j dg = j . 47r* py(1—r/R)dr = 47zp0j0 * = IR)dr

r3 4

R 3 o4
Q=4np, {? - ;—R} =47p, [RT - f—RJ =47p,(R*/12) = 4730/ TR*)(R*/12) = O, as was to be shown.
0

(b) IDENTIFY: Apply Gauss’s law to a spherical surface of radius », where » > R.
SET UP: The Gaussian surface is shown in Figure 22.65b.

- )

rd A
/ \ EXECUTE: @ = Qencl
! \ €
|
\ !
\ . E(4nr?)= Q

R st €

Figure 22.65b

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Gauss’s Law 22-31

E_

= ; same as for point charge of charge Q.
47[60]"

(c) IDENTIFY: Apply Gauss’s law to a spherical surface of radius , where r < R:
SET UP: The Gaussian surface is shown in Figure 22.65c.

EXECUTE: @ _ Qenct
€
0

@y = E(47r?)

Figure 22.65¢

To calculate the enclosed charge O, use the same technique as in part (a), except integrate dg out to r
rather than R. (We want the charge that is inside radius r.)

’ ,3
r 2. r ’ r 7 r ’
Qencl :jo 47'!'72/)0(1—;)(1}” :4ﬂp0j0 [’,2_ R ]d}"

0, =47 ’—B—ﬁr—m P r3(l—Lj
encl Lo 3 4R . Lo 3 4R Lo 3 4R

30 (1 r 3 r
Po="3 S0 Oenct = 12QF(§ - Ej = Q[F](4 —3Ej~

3
Thus Gauss’s law gives E(47rr2) = Q[%}(“ - 3%)

€
=< 3(4—2}513
47[60R R

(d) The graph of E versus r is sketched in Figure 22.65d.

E

ImegRt =[*

drenR?

Figure 22.65d

2
(e) Where the electric field is a maximum, Z—E =0. Thus di[4r - %j =0s04—-6r/R=0and r=2R/3.

r r
At this value of r, E = 0 3 (EJ(4—EEJ = 0 5
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EVALUATE: Our expressions for E(r) for » <R and for » > R agree at » = R. The results of part (e) for
the value of » where E(r) is a maximum agrees with the graph in part (d).
22.66. IDENTIFY: The charge in a spherical shell of radius » and thickness dr is dQ = ,0(1/)47172 dr. Apply

Gauss’s law.
SET Up: Use a Gaussian surface that is a sphere of radius . Let O, be the charge in the region » <R/2

and let O, be the charge in the region where R/2<r<R.
47(R12)* _anR® .

EXECUTE: (a) The total charge is O =0, + Q,, where O, =« 3 S nd

3 p3 4 p4 3 3

R _ _
0y =47Qa)[, (> ~rY/R)dr =8ax (RE-RT®) (R =RIN6) | AR 1y eore, 0 = 129FR
R2 3 4R 4 24
and o= 8Q3 .
57R
3
(b) For ¥ < R/2, Gauss’s law gives Edzr? = oazr and F = ar _ Lx For R2<r<R,
360 360 15”€0R
3 p3 4 p4
E4mr? =%+L 8ar (" —R78) (" =R16) and
60 EO 3 4R
3
E= % (64(r/R)* —48(+/R)* - 1) = k—Qz (64(r/R)® — 48(+/R)* -1).
24€y(4rr) 15r
For r 2R, E(47rr2) =2 and E =L2
60 47[60}’
(©) 9 _(0N5) _4 0.267.
0 0 15
(d) For r<R/2, F,=—eE = —%r, so the restoring force depends upon displacement to the first
ﬂ'fo

power, and we have simple harmonic motion.

3
86—Q3. Then w= i = 8€—Q3 and T=2—7[:27z' 157[60R me '
157[60R me 157[60R me w SeQ

EVALUATE: (f) If the amplitude of oscillation is greater than R/2, the force is no longer linear in r, and

(e) Comparing to F =—kr, k =

is thus no longer simple harmonic.
22.67. IDENTIFY: The charge in a spherical shell of radius » and thickness dr is dQ = p(r)471'r2 dr. Apply

Gauss’s law.
SET UP: Use a Gaussian surface that is a sphere of radius r. Let Q; be the charge in the region r < R/2

and let O, be the charge in the region where R/2<r<R.

r230r® . 6ma 1 R* 3

EXECUTE: (a) The total charge is O =0; + Q,, where O, =4r dr=——-"""=""zaR> and
() geis 0=0,+0, 0, =dnf = ===

R
Oy =4naf (1-(/R) *y* dr=4maR’ T 3L\ AT oR®. Therefore,

R/2 24 160) 120

0= (i + ﬂ) 7oR> = £EQR3 and o= 4800 .
32120 480 2337R?
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. 4 3 4 2 1 2
(b) For » <R/2, Gauss’s law gives Eanr? =22 r3or P = Sror and E = bar = 800r 7 For
€ °0 2R 2¢yR l6€yR  2337€,R
3 3 5 3
RI2<r<R, Bdrr? =L 3000 Ry ar =L A ’——R——r—2+R— .
€ € “R2 € € |3 24 5R" 160
dmaR® 4maRP(1(rY 1(rY 1 4 1(rY 1(rY 2
Fag? = 3 AR dma _(Lj __(Lj _ 17 ) nd B9800 _(L) __[Lj _3 |
128 ¢, € 3 R 5\R 480 233ﬂ'60r2 3\R 5\ R 1920
For r2R, E= 5 since all the charge is enclosed.
dreyr
. . 47 4
(¢) The fraction of O between R/2<r<R is % = —7ﬂ =0.807.
0 120233
180 Q . . . .
d) E=— 5 using either of the electric field expressions above, evaluated at » = R/2.

EVALUATE: (e) The force an electron would feel never is proportional to — which is necessary for
simple harmonic oscillations. It is oscillatory since the force is always attractive, but it has the wrong
power of r to be simple harmonic motion.
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