GAUSS’S LAW

Conceptual Questions

27.1. No. The cube lacks sufficient symmetry to deduce the shape of the field. In particular, the cube lacks both
translational and rotational symmetry. It is symmetric under 90° rotations but, unlike a sphere, not symmetric for

arbitrary rotations.

27.2. (a) No net charge is enclosed. There is no flux through the bottom surface, and the flux into the left-hand side
is cancelled by the flux out of the right-hand side.

(b) Net positive charge is enclosed, since the flux is outward on all surfaces.

(c) Net negative charge is enclosed since the flux is inward on all surfaces.

27.3. From Equation 27.3, we know that (Dsquare: square'Asquare: squareAsquare and q)circlezEcircle'Acirclez

E i 1o Acirele. Where the last equality holds because the electric field is parallel to the surface normal. We also know

Esquare = Ecircle and Asquare > Acircle’ SO

q)square EsquareAsquare Asquare
D = E A = A >1 = q)square >q)circle

circle circle’ *circle circle

27.4. @ =®,. In the absence of a net enclosed charge, any flux into surface 1 must come out of surface 2 because

the two surfaces form a single closed surface.
27.5. (a) +q/€y (b) —g/€y () 0
27.6. ®, =+4q/€y, Oy =—4q/€y, - =0, Py =+3g/€y, Py =0

27.7. The charge lies on the surface of the hollow balloon.
Point 1: Stays the same. Gauss’s Law with Q,, =0 implies £ = 0 in both situations.
Point 2: Decreases. E > 0 initially when the point is outside the balloon but £ =0 at the end when the point is inside

the balloon.
Point 3: Stays the same. The electric field of the balloon looks like that of a point charge at the geometric center of
the balloon both before and after the balloon is blown up.

27.8. Student 1 is correct. The two spheres are Gaussian surfaces enclosing the same amount of charge, so the flux
through the two surfaces is equal, no matter their size. In this case, one can see that the area increases as r* and the

electric field strength decreases as 1/r% s0 the flux is the same through spheres A and B.

© Copyright 2013 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.

27-1



27-2 Chapter 27

27.9. Student 2 is correct. The sphere and ellipsoid are Gaussian surfaces enclosing the same amount of charge, so
the flux through the two surfaces is equal, no matter their shape.

27.10. The hole that the conducting wire passes through is so small that it can be ignored.

(a) Positive charge has been transferred to the small sphere, so it has a positive charge.

(b) Negative. A Gaussian surface through the conductor of the larger sphere must contain a net charge of zero, so the
inner surface of the larger conductor must be negatively charged to balance the positive charge on the small sphere.
(¢) The negative charge on the inner surface of the larger sphere came from its outer surface (all excess charge lies on
the surface of a conductor) so the outside of the larger sphere has a positive charge. This can also be seen by
considering a Gaussian surface outside the larger sphere. It contains a net positive charge (i.e., the charge on the
smaller sphere, since the larger sphere is overall neutral). Since the charge on the inner surface is equal and opposite
to that on the smaller sphere, the outside of the larger sphere must be positively charged.

Exercises and Problems

Section 27.1 Symmetry

27.1. Visualize:

As discussed in Section 27.1, the symmetry of the electric field must match the symmetry of the charge distribution.
In particular, the electric field of a cylindrically symmetric charge distribution cannot have a component parallel to
the cylinder axis. Also, the electric field of a cylindrically symmetric charge distribution cannot have a component
tangent to the circular cross section. The only shape for the electric field that matches the symmetry of the charge
distribution with respect to (i) translation parallel to the cylinder axis, (ii) rotation by an angle about the cylinder axis,
and (iii) reflections in any plane containing or perpendicular to the cylinder axis is the one shown in the figure.

27.2. Visualize:

The object has spherical symmetry, so the electric field is radial. The net charge is positive, so the electric field is
nonzero and points radially outward outside the outer sphere.

27.3. Visualize:

A A A

+++++++++++++rr+++

E=0N/C

t+++r+++rt+rr+rr+++

RN
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Figure 27.6 shows the electric field for an infinite plane of charge. For two parallel planes, this is the only shape of
the electric field vectors that matches the symmetry of the charge distribution. Because the charge density is equal on
each plane, there can be no electric field between the planes.

Section 27.2 The Concept of Flux

27.4. Model: The electric flux “flows” out of a closed surface around a region of space containing a net positive
charge and info a closed surface surrounding a net negative charge.

Visualize: Please refer to Figure EX27.4. Let 4 be the area in m? of each of the six faces of the cube and let the
direction of A be outward from the surfaces.
Solve: The electric flux is defined as @, = E - A= EAcos®, where 6 is the angle between the electric field and a
line perpendicular to the plane of the surface. The electric flux out of the closed cube surface is
D, =15 N/C+20 N/C+10 N/C)Acos(0°) =(454) N m?/C
Similarly, the electric flux into the closed cube surface is
®,, =(20 N/C+15 N/C+15 N/C)Acos(180°) =—(504) N m?/C

The net electric flux is (454) N m2/C—(50A) N m?/C =—(54)N m?/C. Since the net electric flux is negative (i.e.,

inward), the closed box contains a negative charge.

27.5. Model: The electric flux “flows” out of a closed surface around a region of space containing a net positive
charge and info a closed surface surrounding a net negative charge.
Visualize: Please refer to Figure EX27.5. Let A be the area of each of the six faces of the cube and let the direction

of A4 be outward from the surfaces.
Solve: The electric flux is defined as @, =FE-A=EAcos 6, where @ is the angle between the electric field and a

line perpendicular to the plane of the surface (i.e., the “normal” to the surface). The electric flux out of the closed
cube surface is

D, =(10 N/C+10 N/C+20 N/C)Acos(0°) =(404) N m?/C
Similarly, the electric flux into the closed cube surface is
®,, =(15 N/C+20 N/C+5N/C)Acos(180°) =—(404) N m?/C

Thus, @, + P, =0N m?/C. Since there is no net electric flux passing through the surface of the closed box, it

contains no charge.

27.6. Model: The electric flux “flows” out of a closed surface around a region of space containing a net positive
charge and into a closed surface surrounding a net negative charge.
Visualize: Please refer to Figure EX27.6. Let 4 be the area of each of the six faces of the cube and let the direction

of A be outward from the surfaces.
Solve: The electric flux is defined as @, = E- A= EAcos®, where 6 is the angle between the electric field and a
line perpendicular to the plane of the surface. The electric flux out of the closed cube surface is
@, = (20 N/C+10 N/C+10 N/C)Acos(0°) = (404) N m?/C
Similarly, the electric flux into the closed cube surface is
®,, =(20 N/C+15 N/C)A4cos(180°) =—(354) N m?/C

Because the cube contains negative charge, ®

out <
0 N m?/C. Therefore,

+®,, must be negative. This means @, + D, + P own

(404) N m*/C +(-354) N m?/C +®, <0Nm?cC

nknown
(o}

unknown < (_SA) N mZ/C

That is, the unknown electric field vector points info the front face of the cube and its field strength must exceed
SN/C.
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27.7. Model: The electric flux “flows” out of a closed surface around a region of space containing a net positive
charge and into a closed surface surrounding a net negative charge.
Visualize: Please refer to Figure EX27.7. Let 4 be the area of each of the six faces of the cube and let the direction
of A be outward from the surfaces.
Solve: The electric flux is defined as ®, = E - A = EAcos®, where 6 is the angle between the electric field vector
and an outward unit vector that is perpendicular to the plane of the surface. The electric flux out of the closed cube
surface is

@, = (20N/C +10 N/C + 10 N/C)Acos(0°) = (404) N m?/C
Similarly, the electric flux into the closed cube surface is

@, = (20 N/C + 15 N/C)Acos(180°) = -(354) N m?/C

Because the cube contains negative charge, @, + @, must be negative. This means P, <ONm?/C.

out

+ (Dm + q)unknown
Therefore,

(404) Nm?/C + (-354) Nm?*/C + @ . on < 0 Nm?/C

@, nown < (=54) Nm?/C

Therefore, to produce negative flux, the unknown electric field vector must point info the front face of the cube, and
its field strength must be greater than 5 N/C.

27.8. Model: The electric flux “flows” out of a closed surface around a region of space containing a net positive
charge and into a closed surface surrounding a net negative charge.
Visualize: Please refer to Figure EX27.8. Let 4 be the area of each of the six faces of the cube and let the direction

of A be outward from the surfaces.
Solve: The electric flux is defined as @, = E- A= EAcos, where 6 is the angle between the electric field vector

and an outward unit vector that is perpendicular to the plane of the surface. The electric flux out of the closed cube
surface is

@, = (15 N/C+15 N/C +10 N/C) Acos(0°) = (404) N m?/C
Similarly, the electric flux into the closed cube surface is
@ =(20 N/C+15 N/C) Acos(180°) =—(354) N m*/C

aknown =0 N m?/C, so

(404) N m%/C—(354) Nm*/C+®pyrown =0 =  Punrnown = —(54) N m?/C
The unknown electric field vector on the front face points in, and the electric field strength is 5 N/C.

Because the cube contains no charge, the total flux is zero. This means @, + P, + D,

Section 27.3 Calculating Electric Flux

27.9. Model: The electric field is uniform over the entire surface.
Visualize: Please refer to Figure EX27.9. The electric field vectors make an angle of 30° with the planar surface.
Because the normal 72 to the planar surface is at an angle of 90° with the surface, the angle between 7 and E is
6 =060°.
Solve: The electric flux is

@, =E- A= E4cos = (200 N/C)(1.0x107> m*)cos(60°) =1.0 N m*/C

27.10. Model: The electric field is uniform over the entire surface.
Visualize: Please refer to Figure EX27.10. The electric field vectors make an angle of 30° below the surface.
Because the normal 7 to the planar surface is at an angle of 90° relative to the surface, the angle between # and E
is =120°.
Solve: The electric flux is

®, =E- A= EAcos6=(180 N/C)(15x107 m)? cos(120°) = 2.3 N m?/C
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27.11. Model: The electric field is uniform over the entire surface.
Visualize: Please refer to Figure EX27.11. The electric field vectors make an angle of 60° above the surface.
Because the normal 7 to the planar surface is at an angle of 90° relative to the surface, the angle between 7 and E
is 8=30°.
Solve: The electric flux is

®, =E-A=EAcos@

@ 25 N m?/C

€

= = > - =1.4x10° N/C
Acosf  (10x107° m)(20x10™° m)cos(30°)

27.12. Model: The electric field is uniform over the rectangle in the xy plane.

Solve: (a) The area vector is perpendicular to the xy plane and points in the k direction. Thus
A=(2.0 cmx3.0 cm)k = (6.0x107* m?)k
The electric flux through the rectangle is
@, =E-A=(100i + 50k)-(6.0x107*%) N m%*/C =3.0x102 N m?/C
(b) The electric flux is
®,=E-A=(100i + 50})-(6.0x10~*k) N m*/C =0.0 N m*/C

Assess: In (b), E isin the plane of the rectangle, which is why the flux is zero.

27.13. Model: The electric field over the rectangle in the xz plane is uniform.
Solve: (a) The area vector is perpendicular to the xz plane and points in the ; direction. Thus

A=(2.0 cmx3.0 cm)j =(6.0x10~* m?)j
The electric flux through the rectangle is
@®, =FE-A=(100i + 50k) N/C-(6.0x10™* m?)}
=(600x107* N'm?/C)(i - })+ (300x10™* N m?/C)(k- j)=0.0 N m?/C
(b) The flux is
®, = E-A=(100i +50}) N/C-(6.0x10™* m?)}
=(600x10~* N m?/C)(i - /)+(300x10™* Nm?/C) j- ]
=0 Nm?/C+(3.0x107> Nm?/C)=3.0x10" N m?/C

27.14. Model: The electric field over the circle in the xz plane is uniform.
Solve: The area vector of the circle is

A=mr*k =7(0.015m)? j=(7.07x107* m?)
Thus, the flux through the area of the circle is
@, = E- A=E = (1500 +1500 ] —1500k) N/C-(7.07x10™* m?)

Using i-j=j-k=0 and j-j=1, we find
@, = (1500 N/C)(7.07x10™* m?*)=1.1 N m*/C
27.15. Model: The electric field is uniform, and we take the area vectors to point outward from the box.

Visualize: In the figure below, the box is positioned with its edges aligned with the xyz axes, and the electric field is
evaluated at the input face and the exit face.

© Copyright 2013 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.



27-6 Chapter 27

z E(x=0.0m) = 150 N/C
1.0cm k
I
T
= 2
—] - -/
i L)
1.0cm L2 | 1.0cm
"
x E (x = 0.01) = 153.5{ N/C

Solve: The area vectors of the six box faces are ;11 =(1.0><10_2 m)21?=(1.0><10_4 m?)i, ;12 =—(1.0><10‘4 mz)f,
Ay =(1.0x107* m?)j, 4, =—(1.0x107*m?)j, 45=(1.0x10"* m?)k, and A;=—(1.0x10* m?)k. The net flux
through the box is

6
O=E A=Y E-A=E(x=0.01m)-4 + E(x=0.0m)- 4,
i=l

=(153.5 N/C)(1.0x10™* m?) — (150 N/C)(1.0x10~* m?)
=3.5x10"* Nm?/C

27.16. Model: The electric field through the two cylinders is uniform.

Visualize: Please refer to Figure EX27.16. Let 4= 7R? be the area of the end of the cylinder and let the area vector
point outward from the cylinder ends. E is the electric field strength.
Solve: (a) There’s no flux through the side walls of the cylinder because E is parallel to the wall. On the right end,

where E points outward, Drignt =EAcos(0°)=7R’E. The field points inward on the left, so

@, = EAcos(180°) = —7R?E. Altogether, the net flux is @, =0 N m?/C?.

N
(b) The only difference from part (a) is that £ points outward on the left end, making ®,.4 = EAcos(0°) = ZR’E.
Thus the net flux through the cylinder is @, = 27R?E N m?/C?.

Section 27.4 Gauss’s Law

Section 27.5 Using Gauss’s Law

27.17. Visualize:

‘@ © ® O
\ 42 /2 +24,/ T
~__-7 / /
! /
1
® L ®
\+3 //
@) +3q b 171
\I/ ® © \\) ://® \\\\ _G;
\\+2q —2q L’ |+2q \ q
~o_ - | \
------ \\ \‘\
\
® OR
+3q \\\ +3q ,I
© @ et

For any closed surface that encloses a total charge Q,, the net electric flux through the closed surface is ®, =0, /€.
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27.18. Visualize:

(@ (b) (© (d)

For any closed surface that encloses a total charge (., the net electric flux through the closed surface is
@, = O/ €.

27.19. Visualize: Please refer to Figure EX27.19.
Solve: For any closed surface that encloses a total charge O, the net electric flux through the surface is

D, = 0;,/&). We can write three equations from the three closed surfaces in the figure:

q)Az_i 91 +49; q)B=3_q=%+Q2 = g+qy=3q

== = qtq@=-9
€ € € €
-2 +
D = 9_492743
€ €

= rtq3="2q

Subtracting third equation from the first gives
h—92=1q
Adding second equation to this equation,
2q,=+4qq,=2q
That is, ¢; =+2q, g, =+¢q, and g3 =—3q.

27.20. Visualize: Please refer to Figure EX27.20. For any closed surface that encloses a total charge Q,,, the net
electric flux through the closed surface is @, =0, /€,. For the closed surface of the torus, Q. includes only the
—1 nC charge. Thus, the net flux through the torus is due only to this charge:

~1x107° C

- = 2
- 8.85>(]()_12 CZ/Nmz =—0.11 kN m“/C

€

This is inward flux.

27.21. Visualize: Please refer to Figure EX27.21. For any closed surface that encloses a total charge Q,,, the
net electric flux through the closed surface is @, = Q.,/€;. The cylinder encloses the +1 nC charge only as both the
+100 nC and the —100 nC charges are outside the cylinder. Thus,

1x107 C

= =0.11kN m?/C
8.85x10712 C?/Nm?

(S

This is outward flux.

27.22. Solve: For any closed surface enclosing a total charge @, the net electric flux through the surface is

=% — 0 _ed =(8.85%1072 C2/Nm2)(=1000 N m2/C) = —8.85 nC
e in 0*e
€
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27.23. Solve: For any closed surface that encloses a total charge Q,,, the net electric flux through the surface is

6 -19
@ =%z(SSBXIO )(—1.60x10 C)=—1,00Nm2/C

N 8.85x107'% C?/Nm?

Section 27.6 Conductors in Electrostatic Equilibrium

27.24. Model: A copper penny is a conductor. Assume the penny to be a flat disc of radius much, much greater
than the distance from the surface at which we are measuring the electric field.

Solve: The excess charge on a conductor resides on the surface. The electric field at the surface of a charged
conductor is

Egface = [ei’ perpendicular to surfacej
0

1 = € E e = (8-85x10712 C2/Nm?)(2000 N/C) =17.7x10~° C/m?

Assess: Because the actual surface of a penny is not flat, the surface charge density will not be uniform. The result
above gives the average surface charge density, far from the edges of the coin.

27.25. Model: The excess charge on a conductor resides on the outer surface.
Solve: The electric field at the surface of a charged conductor is

Equtace = [El, perpendicular to surfacej
0

1 = €oEqutace = (8.85x107'% C?/Nm?)(3.0x10° N/C) = 2.7x10™> C/m?

Assess: It is the air molecules just above the surface that “break down” when the E-field becomes strong enough to
accelerate stray charges to approximately 15 eV between collisions, thus causing collisional ionization. It does not
make any difference whether £ points toward or away from the surface.

27.26. Model: The excess charge on a conductor resides on the outer surface.
Visualize: Please refer to Figure EX27.26.
Solve: Point 1 is at the surface of a charged conductor, hence

10 -19 2
Eqiface = [i, perpendicular to surface} =  Egrface = (5.0x107)1.60x10° ~ C/m’) _ 0.90 kN/C
€

0 8.85x107'* C*/Nm?
At point 2 the electric field strength is zero because this point lies inside the conductor. The electric field strength at
point 3 is zero because there is no excess charge on the interior surface of the box. This can be quickly seen by
considering a Gaussian surface just inside the interior surface of the box as shown in Figure 27.31.

27.277. Model: The copper plate is a conductor. The excess charge (consisting of electrons, which are negative)
resides on the surface of the plate. Ignore the charge that resides on the edge of the plate because the plate’s thickness
is much, much less than the radius.
Solve: (a) One-half of the charge is located on the top surface and one-half on the bottom surface of the copper
plate, so the surface charge density is

q (3.5/2 nC)

n=-=—""" 0 =223%107 C/m’
A 7(0.10/2 m)

Thus, the strength of the electric field at the surface of the plate is
7 223x107 C/m’
€ 8.85x107'2 C2/N m?
Because the charge on the plate is negative, the direction of the electric field is toward the plate, which is downward.
(b) The center of mass of the plate is in the interior of the plate, so £ =0 N/C because the electric field within a
conductor is zero.

(¢) The electric field strength is the same as it is above the plate, £ = 2.5%10* N/C, and the field is still directed
toward the plate, which is upward in this case.

E = =2.5x%10* N/C
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27.28. Visualize: Please refer to Figure EX27.28.
Solve: For any closed surface that encloses a total charge Q.,, the net electric flux through the closed surface is

@, =0,,/¢). In the present case, the conductor is neutral and there is a point charge Q inside the cavity. Thus
0., =0 and the flux is

€

o -2
€

27.29. Model: The electric field over the four faces of the cube is uniform.
Visualize: Please refer to Figure P27.29.

Solve: (a) The electric flux through a surface area A is ® =E- A= EAcos#, where @ is the angle between the
electric field and the vector A that points outward from the surface. Thus

®, = EAcos 6, = (500 N/C)(9.0x10~* m?)cos(150°) = —0.39 N m*/C

®, = EAcos 8, = (500 N/C)(9.0x10~* m?)cos(60°) = 0.23 N m*/C

@, = EAcosB; = (500 N/C)(9.0x10™* m?)cos(30°) = 0.39 N m?/C

®, = EAcos 6, = (500 N/C)(9.0x10~* m?)cos(120°) =—0.23 N m*/C
(b) The net flux through these four sides is @ =P+ P, +P; +P, =0.0 N m?/C.

Assess: The net flux through the four faces of the cube is zero because there is no enclosed charge.

27.30. Model: The electric field over the five surfaces is uniform.
Visualize: Please refer to Figure P27.30.

Solve: The electric flux through a surface area A is D, = E-A=EAcos6 where 6 is the angle between the electric
field and a line perpendicular to the plane of the surface. The electric field is perpendicular to side 1 and is parallel to
sides 2, 3, and 5. Also the angle between E and ;14 is 60°. The electric fluxes through these five surfaces are

@, = E, 4, cos; = (400 N/C)(2.0 m)(4.0 m)cos(180°) = 3.2 kN m?/C
®, = E, 4, c0s(90°) = ; = Ds =0.0 N m*/C

2.0m
sin(30°)

Assess: Because the flux into these five faces is equal to the flux out of the five faces, the net flux is zero, as we
found.

D, =E A, cos8, = (400 N/C)( j(4.0 m)cos(60°) =+3.2 kN m?/C

27.31. Model: Because the tetrahedron contains no charge, the net flux through the tetrahedron is zero.
Visualize:

h=acos60°=§a
2

Lp-Vp

2ah— 4a

Abase

Solve: (a) The area of the base of the tetrahedron is %aa where @ =20 cm is the length of one of the sides.

Because the base of the tetrahedron is parallel to the ground and the vertical uniform electric field passes upward
through the base, the angle between E and A4 is 180°. Thus,
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By, = E- Ay, = Edyyy, cos180°= —E? a? =—(200 N/C)g(o.zo m)® = -3.464 N m?/C
The electric flux through the base is —3.5 N m?/C.

(b) Since E is perpendicular to the base, the other three sides of the tetrahedron share the flux equally. Because the
tetrahedron contains no charge,

Doy = Dypee +3Pige =0.0 Nm?/C =  —3.46 Nm?/C+3dy, =0.0 N m?/C
4. =12 Nm?/C
Assess: The results are given to two significant figures and so may appear not to sum to zero net flux. To show that

the net flux is zero, these results should be treated as intermediate results, so more significant figures would be
retained:

D, = Dppse + Py + D, + Dy =—3.4641 N m?/C +3(1.1547 N m?/C) = 0.0 N m?/C

27.32. Solve: (a) When centered at the origin the sphere encloses both ¢ and ¢,. For any closed surface that
encloses a total charge O,,, the net electric flux through the closed surface is

o _On _(£40+20) 20

[S
€ € €

(b) When centered at x = 2a, the sphere encloses only ¢, located at x =+a. The net electric flux through the closed

surface is thus

S
€ €

27.33. Solve: For any closed surface that encloses a total charge Q,,, the net electric flux through the closed

surface is @, = 0, /¢,. The flux through the top surface of the cube is one-sixth of the total:

® _On _ 10x10™° C
e surface_6

€ 6(8.85x107'2 C2/Nm?)

=0.19 kN m?/C

27.34. Solve: For any closed surface that encloses a total charge Q,,, the net electric flux through the closed

surface is ®, = 0., /¢€,. The charge in the box is therefore

D

e surface

=2(300 N m?/C)+4(100 N m?/C) = On 0., =(8.85x107'2 C?/Nm?)(1000 N m*/C) =8.85nC

€
Because we did not use dimensions of the box, which are given to two significant figures, we report the answer to
three significant figures.

27.35. Solve: (a) The electric field is

Fe (ﬂ} N/C = 2.07 kN/C
0.10

So the electric field strength is 2.0 kN/C.
(b) The area of the spherical surface is Ay =47(0.10 m)? =0.1257 m?. Hence, the flux is
o, = 95 E-dA = EAgyer, = (2000 N/C)(0.1257 m*) = 0.25 kN m*/C
(¢) Because @, =0, /€,
0., = €,®, = (8.85x107'% C?/Nm?)(250 N m?/C)=2.2x10"° C=2.2 nC
27.36. Solve: (a) The electric field at » =20 cm =0.20 m is
E = (5000 r*)# N/C = 5000 (0.20)*# N/C = 2007 N/C
So the electric field strength is 0.20 kN/C.
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(b) The area of the surface is Agypere = 477(0.20 m)? =0.5027 m?. Thus, the electric flux is
@, = E - dAd= EAgpere = (200 N/C)(0.5027 m*) = 0.10 KN m*/C
(¢) Because @, =0, /¢,
0., = €®, =(8.85x107'2 C2/N m?)(100.5 N m*/C) =89 nC

27.37. Model: The excess charge on a conductor resides on the outer surface.
Visualize:

Before After
+100 nC

Gaussian surface Gaussian surface

Solve: (a) Consider a Gaussian surface surrounding the cavity just inside the conductor. The electric field inside a
conductor in electrostatic equilibrium is zero, so £ is zero at all points on the Gaussian surface. Thus @, =0. Gauss’s

law tells us that @, =0, /€, so the net charge enclosed by this Gaussian surface is Qi = Oping + Owan = 0. We know
that Opyin =+100 nC, so Oy, =—100 nC. The positive charge in the cavity attracts an equal negative charge to the

inside surface.

(b) The conductor started out neutral. If there is —100 nC on the wall of the cavity, then the exterior surface of the
conductor was initially +100 nC. Transferring —50 nC to the conductor reduces the exterior surface charge by 50 nC,
leaving it at +50 nC.

Assess: The electric field inside the conductor stays zero.

27.38. Model: The excess charge on a conductor resides on the outer surface. The field inside, outside, and within
the hollow metal sphere has spherical symmetry.
Visualize:

Spherical E
Gaussian
surfaces
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The figure shows spherical Gaussian surfaces with radii »<a, a< r <b, and r=b. These surfaces match the

symmetry of the charge distribution.
Solve: (a) For » <a, Gauss’s law is

- - . +
@, zgSE~dA=&=—Q
€& €
Notice that the electric field is everywhere perpendicular to the spherical surface. Because of the spherical symmetry
of the charge, the electric field magnitude £ is the same at all points on the Gaussian surface. Thus,

- 1 .
cpe=EAsphm=E(4;rr2)=g = F=—2_ = E- %r
€ Areyr 4rey r

where we made use of the fact that E is directed radially outward. The field depends only on the enclosed charge, not
on the charge on the outer sphere.
For a < r <b, Gauss’s law is

®©, = §E - di = Edyyr, = Emr?) = L
€
Here O,, =0 C. It is not +0Q, because the charge in the cavity polarizes the metal sphere in such a way that £ =0 in
the metal. Thus a charge —Q moves to the inner surface. Because the hollow sphere has a net charge of +2(Q, the
exterior surface now has a charge of +3Q. Thus, the electric field £ =0.0 N/C.
For r2b,
Qin = Qexterior + Qinterior + Qcavity = +3Q + (_Q) + (+Q) = +3Q

Gauss’s law applied to the Gaussian surface at » > b yields:

q>e=9SE-d21=EASphm=E(47rr2)=&=ﬂ = E=— (gj = E=— (Ej’:
€

0 60 47[60 }"2 47[60 r 2

(b) As determined in part (a), the inside surface of the hollow sphere has a charge of —Q, and the exterior surface of

the hollow sphere has a charge of +30.
Assess: The hollow sphere still has the same charge +2Q as given in the problem, although the sphere is polarized.

27.39. Model: The ball is uniformly charged. The charge distribution is spherically symmetric.
Visualize:

Spherical
Gaussian
surfaces

The figure shows spherical Gaussian surfaces with radii » =5 cm, 10 cm, and 20 cm. These surfaces match the

symmetry of the charge distribution. So, E is perpendicular to the Gaussian surface and the value of the field
strength is the same at all points on the surface.
Solve: (a) Because the ball is uniformly charged, its charge density is
p=2. 9 _ 3(80x1077 C)
V. 4z7 47(020 my’

(b) Once again, because the ball is uniformly charged,

=2.387x107% C/m> =2.4x107° C/m?

O=pV =p(47”r3j =(2.387x107° C/m3)(4T”r3j =(1.00x107 C/m3)r3

When =5 cm, Qs =(1.00x10> C/m?)(0.05 m)® =1 nC. When r =10 cm and 20 cm, O, =10 nC and O, =80 nC.
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(c) Gauss’s law is @, = (JSE -dA=EA=Q,/€,. For the 5-cm-radius Gaussian spherical surface,

&:EsAs - B- Os _ _121.2§><1029c :
€ €Ads (8.85x107° C*/Nm~)[47(0.05 m)~]
Similarly, we can apply Gauss’s law to the 10 cm-radius and 20 cm-radius spherical surfaces and obtain
Ejy=9.0x10° N/C and E,,=1.8x10* N/C.
Assess: We note that E,; =2E;, =4Fs. This result is consistent with the result of Example 27.4 according to which

1 0
Einside=HR—”
0B

=4.5%x10° N/C =5kN/C

27.40. Model: The excess charge on a conductor resides on the outer surface. The charge distributions on the two
spheres are spherically symmetric.
Visualize: Please refer to Figure P27.40. The Gaussian surfaces with radii » =8 cm, 10 cm, and 17 cm match the

symmetry of the charge distribution. Therefore, E is perpendicular to these Gaussian surfaces and the field strength
has the same value at all points on the Gaussian surface.

Solve: (a) Gauss’s law is @, = cﬁE -dA = 0.,/ €. Applying it to a Gaussian surface of radius 8 cm gives

Oin = —€0Edgppere =—(8.85x107'% C*/Nm*)(15,000 N/C)[47(0.08 m)*]=-1x10" C
Because the excess charge on a conductor resides on its outer surface and because we have a solid metal sphere
inside our Gaussian surface, O, is the charge that is located on the exterior surface of the inner sphere.
(b) In electrostatics, the electric field within a conductor is zero. Applying Gauss’s law to a spherical Gaussian
surface concentric to the spheres and with a radius just slightly larger than 10 cm, gives
@, =g5E-le=% = 0,=0C
€
That is, there is no net charge inside the Gaussian sphere. Because the inner sphere has a charge of —1x10™° C, the
inside surface of the hollow sphere must have a charge of +1x 1078 C.
(¢) Applying Gauss’s law to a Gaussian surface at » =17 cm gives
O = &P E - dA= & EA e, = (8.85x107% C*/Nm*)(15,000 N/C)47(0.17 m)* =4.8x10™ C

This value includes the charge on the inner sphere, the charge on the inside surface of the hollow sphere, and the
charge on the exterior surface of the hollow sphere due to polarization. Thus,

Oexterior hollow + (1X107 C)+(=1x107* C)=4.8x107* C

-8
Qexterior hollow = 4.8%x107° C
27.41. Model: The charge distribution at the surface of the earth is assumed to be uniform and to have spherical

symmetry.
Visualize:
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Due to the symmetry of the charge distribution, E is perpendicular to the Gaussian surface and the field strength has
the same value at all points on the surface.

Solve: Gauss’s law is @, = (]SE -dA = Oin/€g. The electric field points inward (negative flux), hence

Oin = —€0EA ppere =—(8.85x107'% C*/Nm*)(100 N/C)47(6.37x10° m)* =-4.51x10° C

27.42. Model: The electric field inside the box is 0.

Visualize: Please refer to Figure 27.32.

Solve: The charge on the capacitor plates produces a uniform electric field pointing to the right. When the metal box
is added, the field inside the box is E,. =0 because there is no charge enclosed within the box. The principle of

superposition tells us that E, = E, + Epoy, Where E,, is the electric field due to the charge on the exterior

capacitor
surface of the box. The net surface charge is zero, because the box as a whole is neutral, but the box is polarized by
the capacitor’s electric field to where the left end of the box is negative and the right end is positive. Since E,. =0,

we’re led to conclude that the field due to the charge on the surface of the box is Ey,, = —Ecapacimr,

uniform field pointing to the left. Note that this is the electric field inside the box due to the surface charge on the
box. The field outside the box is much more complex. If we freeze the surface charges and remove the box from the
capacitor, we’re left with E, ., = E,, =a uniform field pointing to the left. This is shown in the picture below.

which gives a

+Fr+F+FFF+ T+

27.43. Model: The hollow metal sphere is charged such that the charge distribution is spherically symmetric.
Visualize:

The figure shows spherical Gaussian surfaces at » =4 cm, at » =8 cm, and at » =12 cm. These surfaces match the

symmetry of the spherical charge distribution, so E is perpendicular to the Gaussian surface and the field strength
has the same value at all points on a given Gaussian surface.
Solve: The charge on the inside surface is

Oside = (=100 nC/m?) 47(0.06 m)* = —4.524 nC
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This charge is caused by polarization. That is, the inside surface can be charged only if there is a charge of +4.524 nC
at the center that polarizes the metal sphere. Applying Gauss’s law to the 4.0-cm-radius Gaussian surface, which
encloses the +4.524 nC charge gives

- 0
cDe = iE'dA = EAsphere = e_l(;l
o _ 4.524x107° C _ (4.524x107° €)(9.0x10° N m*/C?) 5 5410 N/C
A€y 47ey(0.040 m)? (0.040 m)?

Thus, at »=4.0 cm, E =(2.5%10* N/C, outward).
There is no electric field inside a conductor in electrostatic equilibrium. So at »=8 cm, £ =0 N/C. Applying
Gauss’s law to a 12-cm-radius sphere,

- — Q
cDe = iE'dA = EAsphere = %
0

The charge on the outside surface is
Oputside = (+100 nC/m?)47(0.10 m)? =1.257x107 C

0 = Ooutside + Crnside + Ceenter =1.257x1078 C —0.452x107 C+0.452x10° C=1.257x10"% C

_ O _ 1257x107° C
€A (8.85x107'% C2/Nm?)47(0.12 m)?
At r=12 cm, E =(7.9x10 N/C, outward).

=7.86x10° N/C

27.44. Model: The charged hollow spherical shell is assumed to have a spherically symmetric charge distribution.
Visualize:

r>R,
/

/
4. Spherical
N I . Gaussian
RN R surfaces

The figure shows two spherical Gaussian surfaces at » < R and » > R. These surfaces match the symmetry of the

spherical charge distribution, so E is everywhere perpendicular to the Gaussian surface and the field strength has the
same value at all points on a given surface.
Solve: (a) Gauss’s law applied to the Gaussian surface inside the sphere (» <R) gives

= = : + 1 +
q>e=9SE.dA=EASphere=% = E(47zr2)=6—q = E=4”Er_2‘?
0 0 0
-~ 1 1 .
= g,outward = %r
4rey r ey 1

(b) Gauss’s law applied to the Gaussian surface outside the sphere ( > R) is

¢e=9SE~dZI=—EASphm=%=ﬂ=_—q I ']
EO 60 EO 47Z'€Or

Assess: A uniform spherical shell of charge has the same electric field at » > R as a point charge placed at the
center of the shell. Additionally, the electric field for » <R is zero, meaning that the shell of charge exerts no
electric force on a charged particle inside the shell.
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27.45. Model: The hollow plastic ball has a charge uniformly distributed on its outer surface. This distribution
leads to a spherically symmetric electric field. Assume Q > 0.

Visualize:

The figure shows Gaussian surfaces at » <R and r > R.
Solve: (a) Gauss’s law for the Gaussian surface for » <R where Q,, =0is

@ezgﬁE-dE:%ﬂNm% = E=0N/C

€
(b) Gauss’s law for the Gaussian surface for » > R is
ey On _90 0 0 Y
(De=¢E'dA=EAsphere= == = EAspherez_ = E= = )
€ & € €Asphere  47TE ¥
. . . = 1 N
Because Q >0, the electric field points radially outward, so E = 2 %r
ﬂ'fo r

Assess: A uniform spherical shell of charge has the same electric field at » >R as a point charge placed at the
center of the sphere. Additionally, the shell of charge exerts no electric force on a charged particle inside the shell.

27.46. Model: The charge distributions of the ball and the metal shell are assumed to have spherical symmetry.
Visualize:

Spherical Gaussian surfaces

The spherical symmetry of the charge distribution tells us that the electric field points radially inward or outward. We
will therefore choose Gaussian surfaces to match the spherical symmetry of the charge distribution and the field. The
figure shows four Gaussian surfaces in the four regions: »<a,a <r <b,b<r<c, andr >c.
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Solve: Gauss’s law is @, :c_ﬁE -dA =(Q.,/€. Applying it to the region » <a, where the charge is negative so E

points inward, we get

+p( 42 —pr
—EAgpee = ~E(4mr?) = —(E ) = E= 3%
0 0

Here p=-0/ (4T”a3 ) is the charge density (C/m>). Thus
E= Lg, inward =—Lgf
47[80 a3

Applying Gauss’s law to the region a <r <b,

-0
_EAsphere =— = E=

EO 47[60 r

E =0 in the region b <r <c because this is a conductor in electrostatic equilibrium.
To apply Gauss’s law to the region r > ¢, we use O, =—0+20=+0. Thus,

Y 1 0 =_ 1 0
EAsphere == = E= = = E= 5
472'60 v

5 7
€ ey r

27.47. Model: The three planes of charge are infinite planes.
Visualize:

-

Ep

% Region 1
Ep ¥ Ep
Ep

EP + Region 2
By

n +t+++++++rt+r+r+r+rrt+r+r++ P

-

Ep

h R Region 3

Ep' Epn

? Region 4
Epr

With planar symmetry the electric field can point straight toward or away from the symmetry plane. The three planes
are labeled as P (top), P’, and P” (bottom).
Solve: From Example 27.6, the electric field of an infinite charged plane of charge density 7 is

n n _Ep
= = E = E y=—
plane 260 P P 460 D)
In region 1 the three electric fields are
= [/ = n » = 4
Ep=——— Ep=—— Epr=———
P 4¢, J P 2¢, J P 4¢, J
Adding the three contributions, we get Enet =0 N/C.
In region 2 the three electric fields are
7 no» 7 U/ 7 /i
E = — E ;= — E y=-—
P 460 / P 260 / P 460 J
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Thus, E,. =[17/(2€))]].

In region 3,

n_- n_s n s
Ep=7—J  Ep=———j  Ep=—_—]

4¢, 2¢, 4¢,
Thus, E,o =—[17/(2€)]].
In region 4,
= n = n » = n
Ey=—— Ey =——— Eor =——
P 460 J P 260 / P 460 J
Thus E,, =0 N/C.

net

27.48. Model: The charge has planar symmetry, so the electric field must point toward or away from the slab.
Furthermore, the field strength must be the same at equal distances on either side of the center of the slab.
Visualize:

< 2
2z 2

—29

2>2

Choose Gaussian surfaces to be cylinders of length 2z centered on the z=0 plane. The ends of the cylinders have
area 4.
Solve: (a) For the Gaussian cylinder inside the slab, with z <z,, Gauss’s law is

C.‘SE’dE:-[topE.d;i-'—-[bottomE'd;l-k'[SideSE'd;i:Q'E_i(;1

The field is parallel to the sides, so the third integral is zero. The field emerges from both ends, so the first two
integrals are the same. The charge enclosed is the volume of the cylinder multiplied by the charge density, or
O., = pV = p(2zA4). Thus

O P [ Fgie|  Ediv0=264 = E=£Z
€ € top bottom €
The field increases linearly with distance from the center. The sign of p determines the direction of the electric field,
S0 E(lzl <zy)= EIQ

€
(b) The analysis is the same for the cylinder that extends outside the slab, with z >z,, except that the enclosed

charge Q= p(2z,A) is that within a cylinder of length 2z, rather than 2z. Thus

&z—p(ZZOALJ E-di+| E-dit0=2E4 = E=P2
€ € top bottom €
The field strength outside the slab is constant, and it matches the result of part (a) at the boundary. The sign of »
determines the direction of the electric field, so E(z > Z) = ﬂ]é
€
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(©

T T T <
20 2 20 320

27.49. Model: The infinitely wide plane of charge with surface charge density 7 polarizes the infinitely wide

EP g Epn
Region 1
Ep
& Region 2
EIVE,

5 AEp
Ep P
P q Region 3
E

t+++++++++++++++++++ P ()

n -
ﬁEP' Region 4
Epv |
Ep

Because £ =0 in the metal there will be an induced charge polarization. The face of the conductor adjacent to the plane
of charge is negatively charged. This makes the other face of the conductor positively charged. We thus have three
infinite planes of charge. These are P (top conducting face), P’ (bottom conducting face), and P” (plane of charge).

Solve: Let 77;, 77,, and 77; be the surface charge densities of the three surfaces with 77, <0. The electric field due to

conductor.
Visualize:

P (1))
Conductor

P’ (n,)

a plane of charge with surface charge density 77 is £ =1/(2¢,). Because the electric field inside a conductor is zero
(region 2),

Ep+Ep+Ep=0NC = -1 3325, B 5 GNC = —g+1, +57=0 C/m?
EO 2 EO 260

We have made the substitution 77; =7. Also note that the field inside the conductor is downward from planes P and
P’ and upward from P”. Because 7+, =0 C/m?, because the conductor is neutral, 17, =-1),. The above equation
becomes

—m-m+n=0Cm*> = p=inp=n=-1y

We are now in a position to find electric field in regions 1-4.
For region 1,

= n - = n o :
Ep=—— Ep=— Epr =

P 460 ] P 460 J 260 /
The electric field is Enet = Ep +Ep’ + Ep" = [U/(2€o)]j-

In region 2, E,,, =0 N/C. In region 3,
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The electric field is Enet =[n/ (260)]]'.
In region 4,
— 77 A — 77 A — 77 PN
Ep=—— Ep=—— Epr=———
P 460 / P 460 / P 260 /

The electric field is £, = —[17/(2€,)].
27.50. Model: Assume the metal slabs are large enough to model as infinite planes. Then the electric field has

planar symmetry, pointing either toward or away from the planes.
Visualize:

a 1
‘ 0,=0 2‘
b
3
C
| 0,=20 4
d 5

One Gaussian surface is a cylinder with end-areas a extending past the two metal slabs. A second Gaussian surface
ends in region 3, the space between the slabs.

Solve: (a) Because these are metals, we immediately know that E, = E, =0. To find the fields outside the slabs,

consider the Gaussian surface on the left. The electric field everywhere points up or down, so there is no flux through
the sides of this cylinder. Because both slabs are positive, the electric fields in regions 1 and 5 point outward. Gauss’s
law gives
GE-di=[ E-di+| E-di+]  E-di=Ea+Ea+0=%n
top bottom sides €
The Gaussian surface encloses both the upper and lower surfaces of the top slab. The total charge per unit area on
both surfaces of this slab is O;/4 = O/A4, so the charge enclosed within the cylinder is Qa/A. (For this calculation we

don’t need to know how the charge is distributed between the two surfaces.) Similarly, the enclosed charge on the
lower slab is O,a/4A=2Qa/A. Thus

E1a+E5a=&+@ = E+E; =£
€A €4 €A
Fields El and ES are both a superposition of the fields of four sheets of surface charge. Because the field of a plane of
charge is independent of distance from the plane, the superposition at points above the top plane must be the same
magnitude, but opposite direction, as the superposition at points below the bottom plane. Consequently, E; = E5 (same field
strengths). This is a rather subtle point in the reasoning and one worth thinking about. Thus E; = E5 =30/(2€y4).

Now consider the Gaussian surface on the right. The lower slab is more positive than the upper slab, so the electric
field in region 3 must point upward, info the lower face of this cylinder. Thus

GE-di=[ E-di+| E-di+[ E-di=Ea-Ea+0=%n
top sides

bottom &
where the minus sign with £5 is because of the direction. We know E;, and we’ve already determined that Q,, = Qa/A. Thus
0 _39 90 _ 0

E :E _= —_
3T g d 264 €A 2e)d
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Summarizing, E; =30/(2€y4), E, =0, E;=0/(2¢yA), E,=0,and E5=30/(2¢yA).
(b) The electric field at the surface of a conductor is E =7/€;,. We can use the known fields and 77 =¢yF to find the

four surface charge densities. At surface a, El points away from the surface. Thus

3 _ .30
=+€)E| =+€ =+—=
Ma 0f1 0 2e0d 24
At surface b, E; points toward the surface. Thus
Y 10
=—€fr=—€) —=——=
My 0f3 0 2ed 24

Surface c is opposite to surface b, because the field points away from the surface, so 7, =+Q/(24). Finally, at
surface d, the field points away from the surface and has the same strength as El, hence 77y =+30/(24).

Assess: Notice that 77,+1, = 0/4 and 1.+14 =20/A. This is the expected “net” surface charge density for slabs
with total charge Q and 20.

27.51. Model: A long, charged wire can be modeled as an infinitely long line of charge.
Visualize:

Cylindrical <A

Gaussian
surfaces

/
Pl \ Gaussian

surfaces

End view

The figure shows an infinitely long line of charge that is surrounded by a hollow metal cylinder of radius R. The
symmetry of the situation indicates that the only possible shape of the electric field is to point straight in or out from
the wire. The shape of the field suggests that we choose our Gaussian surface to be a cylinder of radius » and length
L, centered on the wire.

Solve: (a) For the region » <R, Gauss’s law is

0, =§F-di=%0 = [ Foai+| Fedi+| F-di=t
€ top bottom side €
0Nm2/C+0Nm2/C+E~ZSide:£ = E(27rr)L:/1—L
60 EO
41 = 1 A F
= - = E= —, outward |= -
2rey r 2rey r 2rey r

(b) Applying Gauss’s law to the Gaussian surface at 7 > R,

g@E~d2:jtopE~dZ+_[ Eodi+| E-di=%n

bottom side €

© Copyright 2013 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.



27-22 Chapter 27

ONMYC+ONmMC+E- Ay =Zn
€

Qline + Qcylinder _ AL+2AL -~ E= 32 l E _ 34 i

EQ2nrL)=
€ € 2mey r 2mey r

27.52. Model: A long, charged cylinder is assumed to be infinite and to have linear symmetry.
Visualize:

Cylindrical Gaussian
surfaces

The cylindrical symmetry of the situation indicates that the only possible shape of the electric field is to point straight
in or out from the cylinder. The shape of the field suggests that we choose our Gaussian surface to be a cylinder of
radius r and length L, which is concentric with the charged cylinder.

Solve: (a) For » > R, Gauss’s law gives

GE-dA=[ Fediv ] Eedi+] F-di= Y

€
ONmMY/CHONm2/CrEd=Pn — po_ A _ A g [ A1)
€ (2rrL)ey 2meyr 27mey r
(b) For » < R, Gauss’s law is
2
Ea=n o p-fn_prl)
€ Aey (2rzrl)e

An expression for the volume charge density o in terms of the linear charge density can be calculated by considering
the charge on a cylinder of length d and radius R:

A

Ad =p(zR*d) = p=-2=

A( ) P B
(AJ 7L 1 A T
= = = E= —7r
7R?)(2nrLl)e, 2r7e, R* 27€y R?

(c) At r =R,
1 AR, 1 4.
27wey R 27mey R

r=R

27.53. Model: The charge distribution in the shell has spherical symmetry.
Visualize:
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Spherical
Gaussian
surfaces

The spherical surfaces of radii r 2R, 7 <R;,, and R;, <r <R, concentric with the spherical shell, are Gaussian

surfaces.
Solve: (a) Gauss’s law for the Gaussian surface » 2 R, is
§ai-% = b2 = 5ol Q o 518,
€ & drmey r ey r
The vector form comes from the fact that the field is directed radially outward.
(b) For r < R;,, Gauss’s law is
§E-ai=2n-2C o F-g
€& %
(¢) For R, <r<R,,, Gauss’slaw is
§E-di=Ln = pum)=G
€ €
4rr 4r (P -R} P —R>
04 =2 -r})p=L RO =Q[ i}
3 3 T(Rout - Rin) Rout - Rin
3_R3 - 3_R3
E= 12g r3 Rm3 = E=— %[ r3 Rm3jf
4zre € Rout - Rin 4 € Rout - Rin

(d) The result obtained in part (c) for the electric field simplifies to £ =0, when r = R;, which is the result obtained

in part (b). Furthermore, at 7 =R, the electric field obtained in part (c) becomes

which is the same as the electric field obtained in part (a).

27.54. Model: Assume that the negative charge uniformly distributed in the atom has spherical symmetry.
Visualize:

Uniformly Spherical
distributed Gaussian
charge surface

2

Point
charge
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The nucleus is a positive point charge +Ze at the center of a sphere of radius R. The spherical symmetry of the
charge distribution tells us that the electric field must be radial. We choose a spherical Gaussian surface to match the
spherical symmetry of the charge distribution and the field. The Gaussian surface is at » < R, which means that we

will calculate the amount of charge contained in this surface.
Solve: (a) Gauss’s law is (ﬁE -dA = Q.,/€,. The amount of charge inside is
3

_ (4r 5 _ (=Ze) (47 3 _ r _ 3
0., —p(Tr j+Ze—(43ﬂR3)(Tr )+Ze——(Ze)F+Ze—Ze -

Z 3 Ze [ 1
Eparty=Z - | o E_[__}
60 R 47[60 2 R

(b) At the surface of the atom, » = R. Thus,

Z 1 R

= {—2——3}:0N/C
This is an expected result, which can be quickly obtained from Gauss’s law. Applying Gauss’s law to a Gaussian
surface just outside » = R. Because the atom is electrically neutral, Q,, =0. Thus

95Ed2=&=0 — E=0N/C
€

(c) For a uranium atom, the electric field strength at » = %R =0.050 nm is

1 (0050 nm)
(0.050 nm)>  (0.10 nm)*

E,, =92(1.60x107"7 C)(9.0x10° C*/Nm?) =4.6x10'3 N/C

27.55. Model: The long thin wire is assumed to be an infinite line of charge.

Visualize: Please refer to Figure CP27.55. The cube of edge length L is centered on the line charge with a linear
charge density A. Although the line charge has cylindrical symmetry, we will take the cube as our Gaussian surface.
Solve: (a) The electric flux through an area dA in the yz plane is d® = E - d4. The electric field E due to an infinite
line of charge at a distance s from the line charge is

Bt Ll A 1
Also dA=Ldyi. Thus,
P ! Lay(-1)= 2L ! cos®
2760 [ }2 + (L/2)? 276y |2 +(1/2)?
AL dy L2 AL%dy

2ten P+ (LR (L) dmeg [ +w27]

(b) The expression for the flux d® can now be integrated to obtain the total flux through this face as follows:

o-favs [ ALY (3,02
pdme|?+w? | 4mell \LJL,,

= 2/11‘ [tan_l(l) - tan_l(—l)J = AL {2_(_£ﬂ _AL

7€, 2me| 4\ 4)| 4g

(¢) Because there are four faces through which the flux flows, the net flux through the cube is
0, 4= 2L @ulDL_0,
€ €0 €
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27.56. Model: The field has cylindrical symmetry.
Visualize:

Gaussian
surface

—2R —-R 0 R 2R

Solve: (a) The volume charge density p(r)=rp,/R is linearly proportional to ». The graph is shown above.

(b) Consider the cylindrical shell of length L, radius r, and thickness dr shown in the diagram. The charge within a
small volume dV is

dq = pdV = %(Zm’)er - —2”§°L r2dr

Integrating this expression to obtain the total charge in the cylinder:

R 3R 3
0=[dg= 270, L [P = 2pL[ _27p,LR 34
R . 3R 27R?

2 L3 =AL = py=

(¢) Consider the cylindrical Gaussian surface of length / at »<R shown in the figure. Gauss’s law is
D, = CﬁE -dA = Q,,/€,. The charge on the inside of the Gaussian surface is

r 3 3
Qinzjdq=jpdV=J2ﬂ§OI P2 dr = 220 =2—”(—3’1 jlr3=ﬂl[%j
0

3R 3R\ 27zR?

3 2
gSEAdAT=E(2m1)=%=ﬂ[’_J ~ g2 (?]

€& € R3 2re R

The last step is justified because the electric field has radial dependence. The direction of the electric field is

A (),
2re, F "
(d) The expression for the electric field strength simplifies at » =R to
A R* 2
e R 21R

This is the same result as obtained in Example 27.5 for a long, charged wire.

Pt
Spherical
Gaussian
surface

Solve: (a) Consider the spherical shell of radius » and thickness dr shown in the figure. The charge dg within a small
volume dV is

determined by the sign of I, so E =

27.57. Visualize:

dg=pdV = %(4ﬂr2)dr = 4xCdr
r
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Integrating this expression to obtain the total charge in the sphere:

R
0

=\|\dg=|47nCdr =47CR = C=——"—7
© Iq Zl). 47R

(b) Consider the spherical Gaussian surface at » < R shown in the figure. Gauss’s law applied to this surface is

q>e=<_ﬁE-dZ1=% = Eumt=2 o E=—4Qin2
€ € €Y

Using the results from part (a),

O, = J'dq =J,0 dV = _I%M[rzdr = _(r[(%er dr = %r

r T
Ez(g”j : = E=—L 2;
R )4zeyr? 4rey Rr
(¢) At » =R, the equation for the electric field obtained in part (b) simplifies to
F=-1 9;
4re, R?

This is the same result as obtained in Example 27.3. The result was expected because a spherical charge behaves, for
r 2 R, as if the entire charge were at the center.

27.58. Model: The charge density within the sphere is nonuniform. We will assume that the distribution has

spherical symmetry.
= I
Spherical
Gaussian
surface

Visualize:
Solve: (a) Consider the thin shell of width dr at a distance » from the center shown in the figure. The volume of this
thin shell is dV = (47rr2)dr. The charge contained in this volume is

R R 3
—ao= (e odr = [dmr2o1-L g - Rla_r
Q_jdq_£4m pdr—£4ﬂr po(l Rjdr—47rpoj.o[r R]dr

3 4R 12 R?

R R 30
=4mpg| ————| =4Py— = Po=—3
0

(b) Gauss’s law for the Gaussian surface shown in the figure at » <R is
$E-di=2 = pam)=e
€ €
The charge inside the Gaussian surface is
r r r 3 3 4
= [dg =[4rr?pdr = [4nr* I—Ljdr=47r P2 =L dr=anp| = -1
meqg P { po(R Po.([ I 0| 547
Gauss’s law becomes
3 4 2
E(4nr?) _Ampy| 1T -~ p=Pojr_r | _ =[3_Q3JL1[1_3_F] __ o 5 [4_3_rj

The direction of the field is radially outward.
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(c) At » =R, the above expression for the electric field reduces to
pe O (4 3). 1O
4rmeyR R 47zey R
This is an expected result, because all charge Q is inside R and the field looks like that of a point charge.

Spherical
Gaussian
surface

Solve: (a) It is clear that E(r)e< P up to 7 = R. That is, the maximum value of E(r) occurs at » = R. At this point,

1 0

- 47[60 F

27.59. Visualize:

because all the charge is inside R and the charge is spherically distributed about a point at the center. Thus,

1 0 R* 0
Emax{?} = Emax

- 47ey R? - B 47[50R2

(b) Applying Gauss’s law to the surface at » < R shown in the figure,
- - Q }/'4 2 . Q r4 2 r6
E-d4==" = |E . — |4nr'=="" = Q. =|—— |gg—47mr =0| —
9 € e g € " 4re,R? ) R R
To find Q,,, we consider the thin spherical shell of width dr and charge dg at a distance r from the center shown in
the figure. Thus,
dq=pdV =pl4nr’)dr = [dq=0,, = [p(r)(4mr*)dr
Using this form of @, in the equation obtained from Gauss’s law,
6 6
ol - 2 2 =L
On =0 = [pryamridr = [ p(ryridr= pp
Taking the position derivative on both sides
d d 30r°
L peryrar-—2-4 L) = pn=-2
dr 47R° dr 4zR 27R
(¢) Consider a spherical shell of width dr and charge dq at a distance » from the center. Then

) = py’=

6OR® _
R® 6

3 5 R
dg=pr)dV = 3Qr6 drrldr = dg= 6Qr—6dr = Q0= jdq = %Jrsdr = 0
R R 0

27R
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