
Answers

Chapter 1

1. (a) Ax ¼ 5, Ay ¼ –3, Az ¼ –1. (b) Ax ¼ 1, Ay ¼ 0, Az ¼ 1. (c)
ffiffiffiffiffi
35

p
:

2. (a) v ¼ Ê 35:36þ N̂ 35:36 km/h. (b) 84 h 51 min. (c) 4,242.64 km.

3. (a) 82�.490 from north. (b) 220.48 m/s. (c) 22,678 s (6h, 13 m).

4. (a) 5.916. (b) x̂ 2þ ŷ 8� ẑ 3. (c) x̂ 8� ŷ 2þ ẑ . (d) �x̂ 8þ ŷ 2� ẑ . (e) �x̂ 8þ ŷ 2� ẑð Þ= ffiffiffiffiffi
69

p
.

5. (b) x̂ þ ŷ 2þ ẑ 8, �x̂ þ ŷ 6þ ẑ 4, x̂ 5� ẑ 2, x̂ 7� ŷ 4þ ẑ 2, �x̂ þ ŷ 6þ ẑ 4, �x̂ þ ŷ 6þ ẑ .

6. (a) Ê 16, 000 km/h (before), Ê 15, 000 km/h (after). (b) k ¼ 0.9375 m/s.

7. (a) v̂ ¼ x̂ 150þ ŷ 25� ẑ 50ð Þ=160:08 m=s. (b) 160.08 m/s.

8. �x̂ 3� ŷ 4� ẑ 1ð Þ= ffiffiffiffiffi
26

p
.

9. (a) 102�510. (b) v1g ¼ �x̂ 2þ ŷ 1, v2g ¼ �x̂ 2þ ŷ 3. (c) 105�310.

10. (a) �x̂ � ŷ � ẑð Þ= ffiffiffi
3

p
. (b) x̂ 0:784� ŷ 0:588þ ẑ 0:196. (c) x̂ aþ ŷ b� ẑð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ 1

p
.

11. x̂ 9þ ŷ 3� ẑ 3ð Þ=11r.
14. (a) 57.688�. (b) x̂ � ŷ 3.

15. (a) 15=
ffiffiffiffiffi
17

p
N.

16. (a) 27.04.

17. 7x � 7y � 7z ¼ 0.

22. (a) 3.13. (b) 0.911. (c) 0.738.

23. (b) (1,2) and (0,2).

26. (a) P1(
ffiffiffi
2

p
, 45�, 1), P2(

ffiffiffi
2

p
, 45�, 0), P3(1, 90

�, 1), P1(
ffiffiffi
3

p
, 54.736�, 45�), P2(

ffiffiffi
2

p
, 90�, 45�), P3(

ffiffiffi
2

p
, 45�, 90�). (b) y ¼ 1.

(c) rsinϕ ¼ 1. (d) Rsin(θ)sin(ϕ) ¼ 1.

27. (a) x2 þ y2 þ z2 ¼ a2. (b) r2 þ z2 ¼ a2. (c) R ¼ a.

28. (a) P (asinθcosϕ, sinθsinϕ, acosθ). (b) P(a, θ, ϕ).

29. A ¼ �R̂ 4:276� θ̂ 4:229þ ϕ̂ 1:1094.

30. (a) A¼ x̂ 3cos2ϕþ2
ffiffi
r

p
sinϕð Þþ ŷ 3cosϕsinϕ�2

ffiffi
r

p
cosϕð Þþ ẑ rϕ: (b) AR ¼ 3cosϕsinθ þ rϕcosθ, Aθ ¼ 3cosϕcosθ –

rϕsinθ, Aϕ ¼ �2
ffiffi
r

p
:

31. (a) r1 ¼ x̂ aþ ŷ bþ ẑ c. (b) r2 ¼ x̂ a
0 þ ŷ b

0 þ ẑ c
0
. (c) R ¼ x̂ a

0 � a
� �þ ŷ b

0 � b
� �þ ẑ c

0 � c
� �

.

32. (a) r1 ¼ ẑ 3, r2 ¼ x̂ 1:5þ ŷ 1:5þ ẑ 3
ffiffiffi
2

p
=2. (b) x̂ 1:5þ ŷ 1:5þ ẑ 3

ffiffiffi
2

p � 6
� �

=2.

33. (AyBz � AzBy)x þ (AzBx � AxBz)y þ (AxBy � AyBx)z ¼ 0.

Chapter 2

1. (a) tan–1(b/a). (b) tan–1(b/a).
3. (a) 12. (b) 12.

4. π.
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5. π2/12 – π(
ffiffiffi
3

p
– 2).

6. 3.

7. 3πa2.
8. (a) 7πa4d/6+πd3a2/12. (b) 4.98a5.
9. (100πh0/9)(600a

5 þ 600ba4 þ a3h0
2 þ 600a3b2 þ 3a2bh0

2 þ 600a2b3 þ 6ah0
2b2 þ 600ab4 þ 10h0

2b3 þ 600b5).
10. (a) ẑ 8=3. (b) x̂ 16þ ŷ 8þ ẑ 32=3.

11. x̂ 50=3þ ŷ 75=2 m=s.

12. x̂ 10=3þ ŷ 10.

13. Zero.

14. (a)
��∇P

�� ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� 2ð Þ2 þ y� 2ð Þ2 þ zþ 1ð Þ2

q
, d∇P ¼ �x̂ x� 2ð Þ þ ŷ y� 2ð Þ þ ẑ zþ 1ð Þ=��∇P

��: (b) 2(z þ 1). (c)
ffiffiffi
2

p

(x þ y – 4).

15. (a) r̂cos2ϕþ ϕ̂ �2rcosϕ sinϕþ zcosϕð Þ=rþ ẑsinϕ. (b) x̂ x3þ 2xy2� xyzð Þ= x2þ y2ð Þ3=2þ ŷ �x2yþ x2zð Þ= x2þ y2ð Þ3=2
þẑy= x2þ y2ð Þ1=2: (c) R̂ cos2ϕsinθþ cosθ sinϕð Þþ θ̂ cos2ϕcosθ� sinθ sinϕð Þ� ϕ̂ 2cos2ϕ sinϕ� cosθ cosϕ=sinθð Þ:

16. (a) x̂ 5=
ffiffiffiffiffi
35

p þ ŷ 3=
ffiffiffiffiffi
35

p þ ẑ 1=
ffiffiffiffiffi
35

p
. (b) x̂ 4=

ffiffiffiffiffi
26

p � ŷ 3=
ffiffiffiffiffi
26

p þ ẑ 1=
ffiffiffiffiffi
26

p
. (c) x̂ aþ ŷ b� ẑ 1ð Þ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2 þ 1

p
:

17. (a)
x̂ 3yþ ŷ 3xþ zð Þ þ ẑ yþ 1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9y2 þ 3xþ zð Þ2 þ yþ 1ð Þ2

q . (b)
x̂ 1� ŷ 2y� ẑ 2zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 4y2 þ 4z2
p . (c)

x̂ xþ ŷ yþ ẑ zffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p .

18. (a) 2x. (b) 2z2/r. (c) x=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p þ y=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
.

19. 4.

20. 4.

21. 3.6.

24. (a) 3. (b) 3.

25. (a) �x̂ 2y. (b) ϕ̂ 4zþ 6rð Þ þ ẑ 10. (c) ŷ z=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ z2

p þ ẑ x=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
.

26. (a) Zero.

27. (a) x̂ 150x sin ωtþ 50zð Þ þ ẑ 3 cos ωtþ 50zð Þ.
28. (a) �x̂ 2 xþ 1ð Þyþ ŷ z2 þ ẑ 2yz� 2yð Þ. (b) �ẑ 6 sinϕ.
30. (a) 2z. (b) �ẑ 5. (c) –20π.
31. �(ba þ ca þ bc)/2.
33. (a) 2(y – 2)2(z þ 1)2 þ 2(x – 2)2(z þ 1)2 þ 2(x – 2)2(y – 2)2. (b) 12z.

34. (a) ∇2A ¼ ẑ 2. (b) ∇2A ¼ r̂ 6=rð Þ cos2ϕ.
36. (a) x̂ 4xþ ŷ 1. (b) 10x2 þ 4y. (c) 4. (d) ∇2R ¼ 0. (e) x̂ z� ŷ 4xzþ ẑ 4xy� xð Þ.
39. (a) 3. (b) 1 and 5.

Chapter 3

1. (a) 8.615 � 1013 C.

2. 2.3 � 1012 N.

3. (a) 0.0957 m. (b) 0.1354 m.

4. 15.4 mm.

5. (a) 1.168 � 10–11 C.

6. (a) ax ¼ �x̂ 4qQx=πmε0 4x2 þ d2
� �3=2

, amax occurs at x ¼ �d=2
ffiffiffi
2

p
.

7. (a) to x ¼ 0.414d [m] from Q1.

8. (b) 0.1 m to the right of negative charge.

10. (a) E ¼ q

4πε0

2R��R��3 � R� d=2��R� d=2
��3 � Rþ d=2��Rþ d=2

��3
 !

[N/C]. (b) E ¼ 3pd

8πε0R
4

R̂ cos 2θ � θ̂ sin θ cosθ
� �

[N/C].

11. (a) 1. (b) E ¼ ẑQ=12πε0a2 [N/C]. (c) zero.
12. (a) 0.303 m.

13. (a) 0.303 m.

15. 3.82 � 10–13 C/h/m2.

16. (a) 0.289L or 0.125L from centers of sides of the triangle and at infinity.
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17. (a) 6.131 � 1010 N/C. (b) 3.066 � 1010 N/C.

18. (a) 438.15 m/s.

19. (a) 9.81 � 10–7 C. (b) 9.81 m/s2. (c) 1.53 � 107 s.

20. E1 ¼ ŷ
ffiffiffi
2

p
ρl=2πε0L, E2 ¼ x̂ ρl

ffiffiffi
5

p � 1
� �

=2πε0L
ffiffiffi
5

p þ ŷ ρl=πε0L
ffiffiffi
5

p
, E3 ¼ x̂ ρl=3πε0L [N/C].

21. (a) E ¼ ρlah/2ε0(h
2 þ a2)3/2 [N/C].

22. 1.797 � 10–5 N.

23. 1.78 � 10–4 N (attraction).

24 . F ¼ Q1Q2

4πεL1L2
ln

aþ L2ð Þ aþ L1ð Þ
a L1 þ aþ L2ð Þ [N].

25. E ¼ ẑ
ρ0h

2ε0

1

h
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ a2
p" #

[N/C].

26. E ¼ ẑ
ρ0h

2ε0
ln
aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ a2

p
h

� affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ a2

p" #
[N/C].

27. E ¼ ẑ ρs=2ε0 [N/C].

28. E ¼ ẑ
ρs
2ε

L2

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 þ a2

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2 þ a2

p
a

� 1

" #
[N/C].

29. E1 ¼ 0, E2 ¼ ẑ ρvL 5� ffiffiffiffiffi
17

p� �
=8ε0, E3 ¼ ẑ ρvL 4þ ffiffiffi

5
p � ffiffiffiffiffi

37
p� �

=8ε0 [N/C].

30. (a) E Rð Þ ¼ �R̂ 1:44� 10�9=R2 [N/C]. (b) E Rð Þ ¼ �R̂ 1:44� 10�9=R2 [N/C].

32. E ¼ �R̂ ρ0a
4=20ε0R

2 [N/C].

33. (a) 8.988 � 10–7/d2 [N], repulsion. (b) 1.11 � 10–8/d2 [N], repulsion.

34. (a) D ¼ R̂ q=4πR2 [C/m2]. (b) E ¼ R̂ q=4πε0R
2 [N/C] for R < d1/2 and R > d2/2, E ¼ R̂ q=4πεR2 [N/C] for d1/2 <

R < d2/2. (c) Φ ¼ q [C]. (d) Φ ¼ q [C]. (e) Φ ¼ q [C].

Chapter 4

1. (a) ρ(x) ¼ 3kεx2 [C/m3].

2. (a) 8.854 � 10–26 C/m3.

4. (a) E ¼ ẑ ρ0=2ε [N/C], z > 0,E ¼ �ẑ ρ0=2ε [N/C], z < 0. (b) E ¼ ẑ ρ0=2ε0 [N/C], z > 0,E ¼ �ẑ ρ0=2ε0 [N/C], z < 0.

5. E ¼ �ŷ ρva=ε0 [N/C], y < –b. E ¼ �ŷ ρs þ ρvað Þ=ε0 [N/C], –b < y < –a. E ¼ ŷ ρvjyj=ε0 [N/C], –a < y < 0. E ¼ ŷ

ρvy=ε0 [N/C], 0 < y < a. E ¼ ŷ �ρs þ ρvað Þ=ε0 [N/C], a < y < b. E ¼ ŷ ρva=ε0 [N/C], b < y.

6. (a)E1 ¼ x̂ ρs=2ε1 þ ŷ ρs=2ε1,E2 ¼ �x̂ ρs=2ε0 þ ŷ ρs=2ε0,E3 ¼ �x̂ ρs=2ε2 � ŷ ρs=2ε2,E4 ¼ x̂ ρs=2ε3 � ŷ ρs=2ε3 [N/C].
(b) F2 ¼ �x̂ qρs=2ε0 þ ŷ qρs=2ε0 [N] (in second quadrant).

7. (a) E ¼ R̂R=6ε0 [N/C]. (b) E ¼ R̂ 4� 10�9=3ε0R
2 [N/C]. (c) E ¼ �R̂ �68� 10�9 þ R3

� �
=3ε0R

2 [N/C]. (d) E ¼
�R̂ 148� 10�9=3ε0R

2 [N/C].

8. Zero.

9. E ¼ x̂ ρ0x
2=2ε0 [N/C], 0 < x < d/2, E ¼ �x̂ ρ0x

2=2ε0 [N/C], –d/2 < x < 0, E ¼ x̂ ρ0d
2=8ε0 [N/C], x � d/2, E ¼ �x̂

ρ0d
2=8ε0 [N/C], x � �d/2.

10. (a) E ¼ ŷ
ρly

2πε0 y2 þ z2ð Þ þ ẑ
ρlz

2πε0 y2 þ z2ð Þ þ
ρs
2ε0

� 	
[N/C], z > z0, E ¼ ŷ

ρly

2πε0 y2 þ z2ð Þ þ ẑ
ρlz

2πε0 y2 þ z2ð Þ �
ρs
2ε0

� 	
[N/C], z > z0. (b) D 0; 0; 1ð Þ ¼ ẑ ρl=2π � ρs=2ð Þ [C/m2].

11. (a) E ¼ 0, 0 < r < a, E ¼ r̂
aρs
rε0

[N/C], a < r < b, E ¼ r̂
ρs
rε0

a� bð Þ [N/C], r > b. (c) ρl ¼ 2πρs (b – a) [C/m].

12. (a) Zero. (b) 4,493.87 N/C.

13. (a) E ¼ R̂
Q

4πε0R
2
[N/C], R < a, E ¼ R̂

a2ρs
ε0R

2
þ Q

4πε0R
2


 �
[N/C], R > a. (b) ρs ¼ � Q

4πa2
[C/m2].

14. (a) ρv ¼ ε|y| [C/m3]. (b) E ¼ εd2/8ε0 [N/C].

15. (a) ρv ¼ 4εb [C/m3]. (b) E ¼ R̂ b2=4 [V/m]. (c) Φ ¼ εb4π [C].

16. 2.65 � 10–5 C/m2.

17. 8 V.
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18. (a) V ¼ 498.15 V, E ¼ 0. (b) V ¼ 481.18 V, E ¼ 234.8 V/m.

19. (a) V(R) ¼ –R2ρv/6ε0 þ Q/4πε0R þ a2ρv/2ε0 [V], R � a.
20. (a) E ¼ �x̂ ρs=ε0 [V/m] between plates, E ¼ 0 outside. (b) V ¼ ρsd/ε0 [V] between plates. V ¼ 0 to the left of the left

plate, V ¼ ρsd/ε0 [V] to the right of the right plate.

21. (a) ρsb ¼ Vε0/b ln(b/a) [C/m2]. (b) ρsa ¼ Vε0/a ln(a/b) [C/m2].

22. V ¼ ρ0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
� d

� �
=2ε0 [V].

23. (a) E ¼ ŷ ρl=4
ffiffiffi
5

p
πε0 [V/m]. (b) V ¼ ρl

4πε0
ln

ffiffiffi
2

p � 1ffiffiffiffiffi
10

p � 3


 �
[V].

24. E ¼ x̂ ρl=πε0d [V/m], V ¼ 0.

25. (a) E ¼ x̂ ρvx=ε [V/m] for –a < x < a (the x ¼ 0 plane is midway between the plates), E ¼ x̂ ρva=ε0 [V/m], x > a,

E ¼ �x̂ ρva=ε0 [V/m], x < –a. (b) V ¼ ρv(a
2 – x2)/2ε [V], –a < x < a, V ¼ ρva(a – |x|)/ε0 [V], x < –a, x > a.

26. E ¼ x̂ 50x [V/m].

27. (a) ρv ¼ –6ε [C/m3]. (b) E ¼ �R̂ 2R [V/m], R < b, E ¼ �R̂ 2εb3=ε0R
2 [V/m], R > b.

28. (a) E ¼ x̂ 2� ŷ 2þ ẑ 4 [V/m]. (b) Zero. (c) 4.9 V/m. (d) W ¼ –20 � 10–6 J.

29. (a) Vy/2b [V] (y is the distance from lower plate). (b) Vy/(2b – 2c) [V], 0 < y � d and Vd/(2b – 2c) þ V(y – (d þ 2c))/

(2b – 2c) [V], d þ 2c < y � 2b.
30. V ¼ Q/4πε0R [V].

31. ρsc ¼
V0

c2 1=aε1 � 1=bε1 þ 1=bε2 � 1=cε2ð Þ, ρsa ¼ � V0

a2 1=aε1 � 1=bε1 þ 1=bε2 � 1=cε2ð Þ [C/m
2].

32. (a) In 4.68a: E ¼ �R̂
Q

4πε0R
2
[V/m], V ¼ � Q

4πε0R
þ ρsa

ε0
� ρsb

ε0
[V], 0 < R < a, E ¼ �R̂

Q

4πε0R
2
þ R̂

ρsa
2

ε0R
2
[V/m],

V ¼ � Q

4πε0R
þ ρsa

2

ε0R
� ρsb

ε0
[V], a < R < b, E ¼ �R̂

Q

4πε0R
2
þ R̂

ρsa
2

ε0R
2
� R̂

ρsb
2

ε0R
2
[V/m], V ¼ � Q

4πε0R
þ ρsa

2

ε0R
� ρsb

2

ε0R

[V], R > b; in 4.68b: E ¼ �R̂
Q

4πε0R
2
[V/m], V ¼ � Q

4πε0R
þ Q

4πε0R
þ Q

4πε0a
� Q

4πε0b
[V], 0 < R < a, E ¼ 0,

V ¼ � Q

4πε0b
[V], a < R < b, E ¼ �R̂

Q

4πε0R
2
[V/m], V ¼ � Q

4πε0R
[V], R > b.

33. E ¼ �R̂ q=4πε0R
2
4 [V/m], V ¼ –q/4πε0R4 [V].

34. P ¼ r̂ ρl ε1 � ε0ð Þ=2πε1r [C/m2], a < r < b, P ¼ r̂ ρl ε2 � ε0ð Þ=2πε2r [C/m2], b < r < c.

35. (a) E ¼ 120 kV/m. (b) P ¼ 3.187 � 10�6 C/m2.

36. (a) D ¼ x̂
ρlx

2π x2 þ y2ð Þ þ
ρs
2

� 	
þ ŷ

ρly

2π x2 þ y2ð Þ [C/m2], x > 1, D ¼ x̂
ρlx

2π x2 þ y2ð Þ �
ρs
2

� 	
þ ŷ

ρly

2π x2 þ y2ð Þ [C/m2],

x < 1. (b) D ¼ x̂ 6:367� 10�7 C=m2. (c) P ¼ x̂
3ρlx

8π x2 þ y2ð Þ þ 3ρs
8

� 	
þ ŷ

3ρly

8π x2 þ y2ð Þ [C/m2], x > 1,

P ¼ x̂
3ρlx

8π x2 þ y2ð Þ �
3ρs
8

� 	
þ ŷ

3ρly

8π x2 þ y2ð Þ [C/m2], x < 1.

37. (a) E ¼ 120 V/m in air. (b) V ¼ 15,093.75 V.

38. (a) ρs ¼ 26.55 � 10–6 C/m2. (b) V ¼ 3 � 106a [V].

39. Q ¼ 1.397 � 1010 C.

40. (a) V ¼ 4.577 � 105 V. (b) 5.024 � 105 V.

41. D2 ¼ x̂ 5ε0 þ ŷ 6ε0 [C/m
2].

42. (a) E2 ¼ �x̂ ε0E=ε1, E3 ¼ 0, E4 ¼ �x̂ ε0E=ε1, E5 ¼ �x̂E [V/m]. (b) V ¼ 2ε0Ed/ε1 [V].
43. (a) E ¼ 21.76 V/m. (b) E ¼ 50 V/m.

44. (a) E2 ¼ �ŷE1sin θ � x̂ ε0=ε1ð ÞE1cosθ, Ê 3 ¼ �ŷE1sin θ � x̂ ε0=ε2ð ÞE1cosθ, Ê 4 ¼ E1 ¼ �ŷE1sin θ � x̂E1cosθ [V/m].

(b) V ¼ E1aε0cosθ((ε2 þ ε1)/ε1ε2) [V].
45. (a) P1t/(ε1 – ε0) ¼ P2t/(ε2 – ε0), ε1P1n/(ε1 – ε0) ¼ ε2P2n/(ε2 – ε0) for ρs ¼ 0, P1t/(ε1 – ε0) ¼ P2t/(ε2 – ε0), ε1P1n/(ε1 – ε0) –

ε2P2n/(ε2 – ε0) ¼ ρs for ρs 6¼ 0. (b) P1t/P2t ¼ (ε1 – ε0)/(ε2 – ε0), P1n/P2n ¼ ε2(ε1 – ε0)/ε1(ε2 – ε0).
46. Ctotal ¼ 60ε0/(20d2 þ 3d1) [F].

47. C ¼ 2πε0
in a=bð Þ F=m½ 	.

48. C ¼ 73.43 pF.
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49. (a) x ¼ 0.02 m. (b) x ¼ 0.0385 m.

50. C ¼ 4πε1ε2bca/(ε1a(c – b)+ε2c(b – a)) [F].

51. W ¼ Q2

4πε0

2

a
� 1

aþ b
� 2

b

� 	
[J].

52. (a) Win ¼ 2πρv
2a5/45ε0 [J]. (b) Wout ¼ 4πρv

2a5/18ε0 [J]. (c) Wtotal ¼ 4πρv
2a5/15ε0 [J].

53. W ¼ 2πε0aV
2 [J].

54. (a) ΔW ¼ εV2a/2d(d – a). (b) ΔW ¼ εV2a/200d(d – a) [J].

55. ΔW ¼ Q2 εr � 1ð Þ
8πε0εr

1

a
� 1

b

� 	
[J].

56. (a) w ¼ q2/32π2ε0R
4, 0 < R < a, w ¼ (q þ 4πa2ρ0)

2/32π2ε0R
4, a < R < b, w ¼ (q þ 4πa2ρ0 – 4πb2ρ0)

2/32π2ε0R
4,

R >b [J/m3]. (b) W ¼ qþ 4πa2ρ0ð Þ2
8πε0

1

a
� 1

b

� 	
[J].

57. ΔW ¼ ε0V
2b2(1 – εr)/2d [J].

58. W ¼ ρl
2 ln(b/a)/4πε [J/m].

59. p ¼ ε0V
2/d2 [Pa].

60. V ¼ d=bð Þ ffiffiffiffiffiffiffiffiffiffi
2P=ε

p
[V].

61. F ¼ –ε0εrV
2b/2d [N] in the direction opposite the displacement.

62. F ¼ V0
2b(ε � ε0)/2d [N].

63. (a) P ¼ ρ0
2/2ε0 [Pa]. (b) ρs ¼ 4.2 � 10� 3 C/m2. (c) P ¼ 4.427 � 106 Pa.

Chapter 5

2. k ¼ –0.2yz.

3. V (x) ¼ 2,500x [V].
4. V (x) ¼ –ρ0x

2/2ε0 þ (V0/d þ ρ0d/2ε0)x [V].
5. V (x) ¼ –9,411.94x4 þ 37.64777x3 þ (50,000 – 7.52955 � 10–5)x [V].

6. (a) V (r) ¼ –23.083 ln r – 127.45 V. (b) E ¼ r̂ 23:083=r [V].
7. V (x, y) ¼ –(2V0/π) tan

–1(y/x) þ V0 [V].

8. (a) V (R) ¼ 25.25/R – 5,000 V. (b) E ¼ R̂ 25:25=R2 [V/m].

9. (a) ρs ¼ –1.99 � 10–10 C/m2. (b) ρs ¼ –1.424 � 10–10 C/m2.

10. (b) E ¼ ẑ
q

4πε0

4a

x2 þ y2 þ 4a2ð Þ3=2
� 2a

x2 þ y2 þ a2ð Þ3=2
" #

½V=m	:

11. (a) ρs ¼ –ρlh/π(x
2 þ h2) [C/m2].

12. E ¼ �ŷ ρs=ε0[V], between sheet and conductor. E ¼ 0 elsewhere.

13. (a) V 2d, yð Þ ¼ ρl
2πε0

ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4d2 þ yþ dð Þ2

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4d2 þ y� dð Þ2

q [V]. (b) E 2d, yð Þ ¼ x̂
4dρl
2πε0

1

4d2 þ y� dð Þ2 �
1

4d2 þ yþ dð Þ2
 !

[V/m].

14. (b) ρs¼�q
ffiffiffi
2

p

4π

b�a

x�að Þ2þ x�bð Þ2
� �3=2
264 þ bþa

x�að Þ2þ xþbð Þ2
� �3=2� bþa

xþað Þ2þ x�bð Þ2
� �3=2 � b�a

xþað Þ2þ xþbð Þ2
� �3=2

375
[C/m2], where b ¼ 0.3827d, a ¼ 0.9239d.

15. (a) E ¼ �x̂
q

4πε0

X12

i¼1

�1ð Þiþ1 x� a cos 15� þ i� 1ð Þ30�ð Þð Þ
x� a cos 15� þ i� 1ð Þ30�ð Þð Þ2 þ y� a sin 15� þ i� 1ð Þ30�ð Þð Þ2

h i3=2
�ŷ

q

4πε0

X12

i¼1

�1ð Þiþ1 y� a sin 15� þ i� 1ð Þ30�ð Þð Þ
x� a cos 15� þ i� 1ð Þ30�ð Þð Þ2 þ y� a sin 15� þ i� 1ð Þ30�ð Þð Þ2

h i3=2 [V/m].

16. (b) V (d/2, 0) ¼ 2.2112q/4πε0d [V].
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17. (a) V x; yð Þ ¼ q

4πε0

XN
i¼1, 5, 9, 13, ...

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� i� 1ð Þd=2� 3d=4ð Þ2 þ y2

q �
XN

i¼2, 6, 10, 14, ...

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x� id=2� d=42
� �þ y2

q �

XN
i¼3, 7, 11, 15, ...

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ i� 3ð Þd=2þ 3d=42 þ y2
� �q þ

XN
i¼4, 8, 12, 16, ...

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xþ i� 2ð Þd=2þ d=4ð Þ2 þ y2

q [V].

22. E 0; 0ð Þ ¼ x̂ 16:178 V/m (down).

23. E ¼ x̂
ρl

2πε0

x� 2rð Þ
x� 2rð Þ2 þ y2

� �� x� r=2ð Þ
x� r=2ð Þ2 þ y2

� � þ
0@ xþ r=2ð Þ

xþ r=2ð Þ2 þ y2
� �� xþ 2rð Þ�

xþ 2rð Þ2 þ y2

!

þŷ
ρly

2πε0

1�
x� 2rð Þ2 þ y2

� 1�
x� r=2ð Þ2 þ y2

þ
 

1

xþ r=2ð Þ2 þ y2
� �� 1�

xþ 2rð Þ2 þ y2

!
[V/m].

24. (a) E a; 0; 0ð Þ ¼ �x̂ 7q=8πε0a2[V/m]. (b) zero.

25. (b) ER(r,θ) ¼ q

4πε0r

�a2 � 2ar

r2 þ aþ rð Þ2 � 2r aþ rð Þ cosθ
� �3=2 [V/m].

(c) ρs(r,θ) ¼� q

4πr

a2 þ 2ar

r2 þ aþ rð Þ2 � 2r aþ rð Þ cosθ
� �3=2 [C/m2].

26. (b) E ¼ R̂ aV0=R
2 [V/m], R � a.

27. (b) E(r,θ) ¼ R̂
ρs
ε0

� q

4πε0r

a2 þ 2arð Þ
r2 þ aþ rð Þ2 � 2r aþ rð Þ cosθ
� �3=2

0B@
1CA [V/m].

29. V (x,y) ¼ 4V0

π

X1
m¼1, 3, 5, ...

1

m
sin

mπy

b
e�mπx=b [V].

30. (a) V (x,y) ¼ 4V0

π

X1
m¼1, 3, 5, ...

1

m
sin

mπx

a

sinh
mπy

a

� �
sinh

mπb

a

[V].

31. V (x,y) ¼ V0

sinh
πb

a

sinh
πy

a

� �
sin

πx

a

� �
[V].

32. V (x,y) ¼ 4

π

"
V2

X1
m¼1, 3, 5, ...

1

m
sin

mπy

b

sinh
mπx

b

� �
sinh

mπa

b

� �þ V1

X1
m¼1, 3, 5, ...

1

m
sin

mπy

b

sinh
mπ a� xð Þ

b


 �
sinh

mπa

b

� � #
[V].

33. V (x,y,z) ¼ 16V0

π2

X1
m¼1, 3, 5

X1
n¼1, 3, 5

sin
nπy

a

� �
mnsinh π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p� ��sinmπx
a

sinh πz

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a2
þn2

a2

r !
þsin

mπz

a
sinh πx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a2
þn2

a2

r !	
[V].

34. (a) V r;ϕð Þ ¼ 2V0

π

X1
k¼1, 3, 5, ...

1

k

r

a

� �k
sin kϕ [V], r < a, V r;ϕð Þ ¼ 2V0

π

X1
k¼1, 3, 5, ...

1

k

a

r

� �k
sin kϕ [V], r > a.

(b) E ¼ � 2V0

aπ

X
k¼1, 3, 5, ...

1

k

r

a

� �k�1

r̂sin kϕ� ϕ̂cos kϕ
� 


[V/m], r < a,

E ¼ 2V0

aπ

X1
k¼1, 3, 5, ...

1

k

a

r

� �k�1

r̂sin kϕ� ϕ̂cos kϕ
� 


[V/m], r > a.
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35. (a) V (r,ϕ) ¼ 4� 105

π

X1
k¼1, 3, 5, ...

1

k

r

a

� �k
sin kϕþ sin k ϕþ π

2

� �h i
[V], r < a, V (r, ϕ) ¼ 4� 105

π

X1
k¼1, 3, 5, ...

1

k

a

r

� �k
� sin kϕþ sin k ϕþ π

2

� �n o
[V], r > a. (b) E ¼ �4� 105

aπ

X1
k¼1, 3, 5, ...

1

k

r

a

� �k�1

r̂ sin kϕþ ϕ̂ cos k ϕþ π=2ð Þ� 

[V/m],

r < a, E ¼ �4� 105

aπ

X1
k¼1, 3, 5, ...

1

k

a

r

� �k�1

r̂ sin kϕ� ϕ̂ cos k
�
ϕþ π=2

� 

[V/m], r > a.

Chapter 6

1. (a) V1 ¼ 0, V2 ¼ 3 V, V3 ¼ 6 V, V4 ¼ 9 V, V5 ¼ 12 V. (b) V1 ¼ 0, V2 ¼ 1.5 V, V3 ¼ 3 V, V4 ¼ 4.5 V, V5 ¼ 6 V,

V6 ¼ 7.5 V, V7 ¼ 9 V, V8 ¼ 10.5 V, V9 ¼ 12 V. (c) V (x) ¼ 12x [V].
2. (a) V1 ¼ 0, V2 ¼ 3.09375 V, V3 ¼ 6.125 V, V4 ¼ 9.09375 V.

3. (b) V (x) ¼ 1.4118 � 104(x – x2) [V], E ¼ –1.4118 � 104(1 – 2x) [V/m].

7. 1.343 to 5.59 pF.

8. 3.54 pF (8 patches), 3.99 pF (16 patches).

9. (a) 2.5116 pF. (b) 1.5547 pF.

10. (a) 
 3 pF.

11. (a) 4.913 � 10–17 F. (b) 4.395 � 10–17 F.

12. (a) 2.1943 pF (2 � 2 subdomains on each plate). (b) VP ¼ 0 V, EP ¼ ŷ 1:574� ẑ 1:574 [V/m]. (c) 1,024 subdomains.

13. (a) N1 ¼ (x2 – x)/(x2 – x1), N2 ¼ (x – x1)/(x2 – x1). (b) ϕ(x) ¼ (x2 – x)ϕ1/(x2 – x1) þ (x – x1)ϕ2/(x2 – x1).
14. (c) V (x) ¼ –ρ0x

4/12ε þ ρ0x
3d/6ε þ 10x/d – ρ0xd

3/12ε [V].

15. (c) E ¼ �x̂ �ρ0x
3=εþ 10=d þ ρ0d=2εð Þ [V/m].

17. (a) 1.425 V. (b) 3.914 μm.

18. (a) 3,240 V. (b) 1,480 V.

Chapter 7

1. (a) 360,000 C. (b) 8,470 km2.

2. (a) 10.294 � 106 A. (b) 205.88 � 106 A.

3. 0.33 � 10–3 m/s.

4. (a) 5.584 � 10–2 V/m. (b) 2.487 � 10–4 m/s.

5. Inside beam: E ¼ �r̂ 7:19� 107r [V/m], outside beam: E ¼ �r̂ 17:97=r [V/m].

6. (a) 1,667 S/m. (b) 3.125 � 1021 carriers.

7. (a) E ¼ �r̂V=rln b=að Þ [V/m]. (b) J ¼ �r̂ σV=rln b=að Þ [A/m2]. (c) I ¼ 2πLσV/ ln(b/a) [A]. (d) R ¼ ln(b/a)/2πLσ [Ω].
8. 7.368 � 105 S/m.

9. (a) 5.1473 � 10–5 Ω. (b) –0.198%.

10. (a) 1.7243 � 10–5 Ω. (b) 1.5936 � 10–5 Ω.
11. Rmin ¼ 17.98 Ω, Rmax ¼ 29.3 Ω.
12. (a) σ ¼ 1.273 � 103/V [S/m].

13. σ ¼ σ0 b2 � a2
� �

a2
b2 � a2
� �

L� pð Þ þ pb2

9pb2 � L� pð Þ b2 � a2
� �" #

[S/m].

14. (a) VBA ¼ 2.944V/(σπaR þ 2.944) [V].

15. V ¼ Il1/σ1πr1
2 þ Il2/σ2πr2

2 þ Il3/σ3πr3
2 [V].

16. R ¼ 1

b2
ffiffiffiffiffiffiffi
aσ0

p tan �1

ffiffiffiffiffi
a

σ0

r
d


 �
[Ω],

��V�� ¼ I

b2
ffiffiffiffiffiffiffi
aσ0

p tan �1

ffiffiffiffiffi
a

σ0

r
d


 �
[V].

17. (a) VAB ¼ 2.944Ja/σ [V].

18. 15.92 Ω.
19. σ ¼ I(a þ b)/2πabV [S/m].
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20. (a) 1.628 mm for series connection, 7.28 mm for parallel connection. (b) 33.30 kg for series connection, 666 kg for

parallel connection.

21. (a) 2.76 � 10–6 Ω. (b) 8.354 � 1010 W.

22. (a) Jiron ¼ Vσ/a [A/m2], Jcopper ¼ 5Vσ/a [A/m2]. (b) Piron ¼ V2σbc/a [W], Pcopper ¼ V25σbc/a [W].

23. (a) ΔR ¼ 0.0357 Ω. (b) ΔR ¼ 2.589 � 10�4 Ω.
24. (a) R ¼ 0.02076 Ω. (b) R ¼ 8.275 � 10�4 Ω.
25. (a) 16 A.

26. (b) I ¼ 1.2e–100t C/s.

27. Q1 ¼ –ε1Vσ2πb
2/(d1σ2 þ d2σ1) [C], Q2 ¼ Vπb2(ε1σ2 – ε2σ1)/(d1σ2 þ d2σ1) [C], Q3 ¼ ε2Vσ1πb

2/(d1σ2+d2σ1) [C].
28. (a) Ecopper ¼ 0.0223 V/m, Ealuminum ¼ 0.03536 V/m. (b) wcopper ¼ 28,440 W/m3, waluminum ¼ 45,030 W/m3.

29. (a) V ¼ 6.324 mV, I ¼ 2,483.4 A. (b) 1.754 � 107 W/m3.

Chapter 8

1. B ¼ 9μ0I/2πa [T], (into the page).

2. (a) B ¼ 12 � 10–7I/L [T], (out of page). (b) zero.

3. H ¼ ρsω(b – a)/2 [A/m], (out of page).

4. B1 ¼ �ŷ
μI

2πa

1ffiffiffi
2

p � 1


 �
[T], B2 ¼ �ŷ

μI

4πd
[T].

5. B ¼ 2
ffiffiffi
2

p
μ0Ia

2

π 4h2 þ a2
� �

2h2 þ a2
� �1=2 [T], (up).

6. B ¼
XN
i¼1

μ0Ia
2i2

2N2 h2 þ i2 a=Nð Þ2
� �3=2 [T], (up).

8. B ¼ x̂
μ0Iz

2πa2
� ŷ

μ0I

2πd
[T], 0 < z < a. B ¼ x̂

μ0I

2πz
� ŷ

μ0I

2πd
[T], z > a. B ¼ �x̂

μ0Iz

2πa2
� ŷ

μ0I

2πd
[T], –a < z < 0.

B ¼ �x̂
μ0I

2π
��z��� ŷ

μ0I

2πd
[T], z < –a.

9. B ¼ x̂
μ0Ja

2z

2 z2 þ x� dð Þ2
� �� μ0Jb

2 y� dð Þ
2
�
x2 þ y� dð Þ2

�
24 35þ ŷ

μ0Jb
2x

2 x2 þ y� dð Þ2
� �� ẑ

μ0Ja
2 x� dð Þ

2 x2 þ x� dð Þ2
� � [T].

10. (a) B ¼ x̂
μ0Ih

2π

1

x� að Þ2 þ h2
� 1

xþ að Þ2 þ h2

 !
þ ŷ

μ0I

2π

x� a

x� að Þ2 þ b2
� xþ a

xþ að Þ2 þ h2

 !
[T].

(b) B ¼ �ŷ 5:87� 10�6 T.

11. (b) �x̂ 3:0186� 10�4 þ ŷ 3:0186� 10�4 T:

12. B ¼ �ŷ μ0NI=2 [T], x < 0. B ¼ ŷ μ0NI=2 [T], x < 0.

13. (a) B ¼ 0, 0 < r < r1.B ¼ ϕ̂ Jμ0 πr2 � πr21
� �

=2πr [T], r1 < r < r2.B ¼ ϕ̂ Jμ0 πr22 � πr21
� �

=2πr [T], r > r2. (b) B ¼ ϕ̂
μ0I=2πr [T], 0 < r < r1. B ¼ ϕ̂ μ0 I þ πr2 � πr21

� �
J

� �
=2πr [T], r1 < r < r2. B ¼ ϕ̂ μ0 I þ πr22 � πr21

� �
J

� �
=2πr [T],

r > r2. (c) B ¼ �ϕ̂ μ0I=2πr [T], 0 < r < r1. B ¼ ϕ̂ μ0 πr2 � πr21
� �

J � I
� �

=2πr [T], r1 < r < r2.

B ¼ ϕ̂ μ0 πr22 � πr21
� �

J � I
� �

=2πr [T], r > r2.

14. B ¼ ẑ μ0ωbρs [T], r � b. B ¼ 0, r > b.

15. B ¼ x̂ � μ0y0J b2 � a2
� �

2
�
x20 þ y20

� þ μ0y0Jc
2

2
�
x0 � dð Þ2 þ y20

� !
þ ŷ

μ0x0J b2 � a2
� �

2 x20 þ y20
� � � μ0 x0 � dð ÞJc2

2 x0 � dð Þ2 þ y20

� �
0@ 1A [T].

16. (a) B ¼ �ϕ̂ μ0I1=2πr [T]. (b) B ¼ ϕ̂ μ0 π r22 � r21
� �

J1 � I1
� �

=2πr [T].

17. (a) B ¼ 0, 0 < r < r1. B ¼ �ẑ μ0nI [T], r1 < r < r2. B ¼ 0, r > r2. (b) B ¼ �ẑ 2μ0nI [T], 0 < r < r1. B ¼ �ẑ μ0nI
[T], r1 < r < r2. B ¼ 0, r > r2.
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18. H ¼ J

2

b2

a
� c2

a� d


 �
[A/m].

19. H ¼ �x̂ J=2þ ẑ J=2 [A/m] (above upper plate),H ¼ �x̂ J=2� ẑ J=2 [A/m] (between plates),H ¼ x̂ J=2� ẑ J=2 [A/m]

below lower plate.

20. (a) A rð Þ ¼ ẑ
μ0I

2π
ln
2L

a
[Wb/m]. (b) 1.

21. (a) Bc/Bs ¼ π/4√2. (b) Zero.
22. (a) Φ ¼ μ0Ia(ln 3)/2π [Wb]. (b) Φ ¼ μ0Ia(ln 3)/2π [Wb].

23. (a) Zero. (b) Φ ¼ μ0Ia [Wb].

24. ψNS ¼ 7.958 � 103 A.

25. H ¼ 1,000 A/m, (down).

Chapter 9

1. (a) m ¼ πa2I [A �m2]. (c) B ¼ μ0m

4πR3
R̂ 2 cosθ þ θ̂ sin θ
� �

[T], m ¼ πa2I [A �m2] for circular loop, m ¼ a2I [A �m2]

for square loop.

2. (a) Φ ¼ μ0Iπa
2b2/2h3 [Wb]. (b) Φ ¼ μ0Iπa

2b2/4h3 [Wb].

3. I ¼ M/n [A].

4. H ¼ M [A/m].

6. B2 ¼ x̂ μ1Hcosα1 � ŷ μ2Hsinα1 [T], B3 ¼ x̂ μ1Hcosα1 � ŷ μ3Hsinα1 [T].
7. 89�400 to the surface.

8. B2n ¼ 0.00866 T, B2t ¼ 1.0 T, θ2 ¼ 89�300. B3n ¼ 0.00866 T, B3t ¼ 0.25 T, θ3 ¼ 88�, B4n ¼ 0.00866 T, B4t ¼ 0.005 T,

θ4 ¼ 30�.

9. (a) L11 ¼ μ1N
2c

2π
ln
d

b
[H]. (b) L22 ¼ μ0n

2πa2 [H/m].

10. (a) L11 ¼ μN1
2c2/2(a þ c) [H], L22 ¼ μN2

2c2/2(a þ c) [H], L33 ¼ μN3
2c2/2(a þ c) [H].

(b) L21 ¼ L12 ¼ μN1N2c
2/2(a þ c) [H], L31 ¼ L13 ¼ μN1N3c

2/2(a þ c) [H], L32 ¼ L23 ¼ μN2N3c
2/2(a þ c) [H].

11. L11 ¼ μ0n
2πb2+μ1n

2π(a2 – b2) [H/m].

12. L11 ¼ μ0π(b
2 – a2) [H/m].

13. L12 ¼ L21 ¼ μ0nπb
2 [H].

14. (a) L12 ¼ 2πa2μ0N [H]. (b) L12 ¼ 2πa2μ0N [H].

15. (a) L12 ¼ L21 ¼ μ0πa
2b2/2h3 [H]. (b) L12 ¼ L21 ¼ μ0πa

2b2/4h3 [H].

16. (a) 3L [H]. (b) L/3 [H]. (c) 1.5L [H].

17. L11 ¼ μ0 ln(a/b)/2π [H/m].

18. (a) μ0/8π [H/m]. (b)
μ0
2π

c2

c2 � a2


 �2

ln
c

a
� μ0
2π

c2

c2 � a2


 �
þ μ0
8π

c2 þ a2

c2 � a2


 �
[H/m]. (c) μ0 ln(a/b)/2π [H/m].

(d) L ¼ μ0
8π

þ μ0
2π

ln
a

b
þ μ0
2π

c2

c2 � a2


 �2

ln
c

a
� c2

c2 � a2


 �
þ 1

4

c2 þ a2

c2 � a2


 �" #
[H/m].

19. (a)
μ0
2π

ln
2a� dð Þ2

d2
[H/m]. (b)

μ0
2π

ln
4a� dð Þ 4aþ dð Þ
2aþ dð Þ 6a� dð Þ [H/m].

20. (a) 1.271 μH/m. (b) 1.371 μH/m. (c) 3.39 nH.

21. ΔW ¼ μ0nNπa
2I2 [J].

22. ΔW ¼ μ1 � μ0ð ÞN
2I2c

4π
ln
r2
r1

[J].

23. ΔW ¼ μ1N
2I2 r2 � r1ð Þc

2

1

π r2 þ r1ð Þ �
μ0

μ0π r2 þ r1ð Þ þ lg μ1 � μ0ð Þ
� 	

[J].

24. (a) Wtotal ¼ μN2
1c

2

aþ c

I21
4
þ I22

4
þ I23 þ

I1I2
2

þ I1I3 þ I2I3


 �
[J]. (b) Wmin ¼ 0, Leq ¼ 0. (c) Wmax ¼ 4μN1

2c2I2/(a þ c) [J].

Leq ¼ 8μN1
2c2/(a þ c) [H].
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25. w ¼ μ0M
2/2 [J/m3].

26. ΔW ¼ n2I2πb2(μ0 – μ)/2 [J/m].

27. ΔW ¼ –μ0Na
2I2/d [J].

28. (a) Φ ¼ μIc ln(d/b)/2π [Wb]. (b) Φ ¼ μμ0Ic d � bð Þ
μ0π d þ bð Þ þ lg μ� μ0ð Þ [Wb].

30. L12 ¼ πa2μμ0N

2πr0 � lg
� �

μ0 þ lgμ

 πa2μμ0N

2πr0μ0 þ lgμ
[H].

31. H ¼ μ1μ2 N1I1 þ N2I2½ 	
μ0μ2 d þ a� 2b½ 	 þ μ0μ1 d þ a� 2b½ 	 þ μ1μ2lg

[A/m].

32. B ¼ 2μ0μ1μ2NI

μ0 π r1 þ r2ð Þ � 4d½ 	 μ2 þ μ1ð Þ þ 8μ1μ2d
[T].

33. (a) W ¼ N1I1 þ N2I2ð Þ2μ0μ1μ2bc
2 μ0 d þ a� 2b� lg

� �
μ1 þ μ2ð Þ þ 2μ1μ2lg

� 
 [J]. (b) I2 ¼ –N1I1/N2 [A].

34. W ¼ μ0bc N1I1 � N2I2ð Þ2
2 e1 þ e2ð Þ [J].

35. L12 ¼ 0.8377 mH.

36. Fm ¼ 0.0005 N (perpendicular to B).

37. (a) F ¼ r̂
μ0I2I1c

2π

b� a

ab


 �
[N]. (b) F ¼ �r̂

μ0I2I1c

2π

b� a

ab


 �
[N].

38. (c) F ¼ 0.883 N/m.

39. (c) F ¼ 4.37 � 10–7 N.

40. (a) 241.274I [N/A]. (b) I ¼ 6.375 A.

41. F ¼ � μ0μ
2cd

2

N1I1 � N2I2
μ0 aþ 3b� 2gð Þ þ 2μg

� 	2
[N].

42. Zero.

43. (a) Zero. (b) T ¼ ẑB0Ia
2=8 [N �m].

44. (a) Zero. (b) Zero. (c) T ¼ ϕ̂
μ0

ffiffiffi
2

p
πIsIa2b

2

8h3
[N �m]. (d) T ¼ �ϕ̂

μ0πIIsa
2b2

ffiffiffi
2

p

8R3
[N �m].

45. (b) T ¼ ŷ μ0IsIcπa
4=2πd3 [N �m]. (c) T ¼ �ŷ μ0NIsIcπa

4=4πd3 [N �m]. (d) T ¼ �ŷ μ0N
2IsIcπa4=4πd

3 [N �m].

Chapter 10

1. (a) I ¼ 3.056 � 10–3 A. (b) I tð Þ ¼ v2 þ v1ð ÞB0d

2r P� v2 þ v1ð Þt½ 	 [A].
2. (a) v ¼ V/B0d [m/s]. (c) D ¼ V/2Ir [m].

3. (a) F ¼ �x̂ωd3B2
0 cos ωtð Þ sin ωtð Þ=R [N]. (b) Zero.

4. jemfj ¼ v0μ0Jr1
2/2r [V].

5. Vab ¼ B0vd√2 cos(ωt)/2 [V].

6. V ¼ 20πr1Bd sin(20πt) [V].
7. emfround/emfsquare ¼ π.
8. I ¼ 157,080 A.

9. emf ¼ 2πfBcd sin(2πft) [V].
10. (a) emf ¼ ωB0l

2/2 [V]. (b) emf ¼ ωB0(1 – (l þ 1)e–l) [V].

11. (a) V ¼ –ωd2μ010
6 cos(ωt)/8 [V].

12. emfAB ¼ –0.1π sin(800πt) [V].
13. emf ¼ �2fNμ0SdI0/(d

2 þ h2) [V (rms)]

14. T ¼ 0.1 N �m.

15. (a) V ¼ 11 V, I ¼ 13.64 A. (b) I ¼ 1.364 A. (c) Zp ¼ 80.7 Ω, Zs ¼ 0.807 Ω, Zp/Zs ¼ 100.

16. V ¼ 1.0053 � 10–2sinωt [V].
17. (a) N1/N2 ¼0.024, I1 ¼ 40,000 A, I2 ¼ 960 A. (b) N1/N2 ¼ 0.024. (c) I2 ¼ 950.4 A, Φ ¼ 0.25 Wb.
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18. (a) 17.68 turns. (b) 5.3 turns.

19. (a) V1 ¼ 4.11sin(314t) [V], V2 ¼ 0.41sin(314t) [V]. (b) V3 ¼ 49.32sin(314t) [V].
20. (a) emf1 ¼ 2,000πcos(2π � 105t) [V], emf2 ¼ 200πcos(2π � 105t) [V]. (b) emf1 ¼ 1,990πcos(2π � 105t) [V],

emf2 ¼ 100πcos(2π � 105t) [V].

21. emf ¼ � μ0ωcI0
2π

ln
aþ b

a
cosωt [V].

22. emf ¼ �Nμ0cI0ω

2π
ln
aþ b

a
cosωt [V].

23. (a) 156 turns. (b) 19.23 W.

24. (a) 50,661 turns. (b) 25 turns.

25. (a) V ¼ 40 V. (b) R ¼ 0.02 Ω. (c) P ¼ 20 kW.

Chapter 11

1. Jd ¼ x̂ 0:5=μð Þ cos 100tð Þ sin 5z [A/m2].

2. Id ¼ 4πε0abωV0cosωt/(b – a) [A].

3. (a) Jd ¼ r̂ωεrε0V0 cosωt=rln b=að Þ [A/m2]. (b) Id ¼ 2πεrε0ωLV0cosωt/ln(b/a) [A].
5. f ¼ 7.992 GHz.

6. jJcond j/jJdissipj ¼ σ/ωε.
7. tc ¼ 35.416 � 10–9 s.

8. I ¼ 49.43 [mA rms]

9. A ¼ 0.3185, β ¼ 0.0419.

15. (a) E ¼ ŷ 1:997� 109ej 104tþ10�4zð Þ [V/m]. (b) D ¼ ŷ 0:159ej 104tþ10�4zð Þ [C/m2], H ¼ x̂ 0:159� 107ej 104tþ10�4zð Þ [A/m].

16. H tð Þ ¼ ŷ 1250 cos 106t� 50z
� �

[A/m], B tð Þ ¼ ŷ 5� 10�4π cos 106t� 50z
� �

[T].

17. ∇2Je � με
∂2Je

∂t2
¼ μσ

∂Je
∂t

.

18. ∇2ψ ¼ 0.

19. (a) –∇2A þ ∇(∇�A) ¼ μJ. (b) E ¼ – ∂A/∂t. (c) ∇2A ¼ –μJ.

20. (a) H ¼ – ∇ψ [A/m]. (b) �∇2Fþ∇ ∇ � Fð Þ ¼ �εμ
∂2F

∂t2
� εμ

∂
∂t

∇ψð Þ. (c) ∇ � F ¼ �μ
∂
∂t

∇ψð Þz.

21. (b) ∇2F ¼ μJþ με
∂2F

∂t2
.

22. Jdmax ¼ 0.885 A/m2.

23. E ¼ ω2μεπ þ ∇(∇�π) [V/m], H ¼ jωε∇ � π [A/m].

24. ∇2πm þ ω2μεπm ¼ 0, gauge: ∇ �πm ¼ � ϕ, ϕ is the magnetic scalar potential.

25. |E1| ¼ 5 V/m, |D1| ¼ 10ε0 C/m
2, |E2| ¼ 3.81 V/m, |D2| ¼ 11.456ε0 C/m

2.

26. B2 ¼ 4π � 10�7 x̂ 24þ ŷ 5� ẑ 10ð Þ [T].
27. H1t ¼ H2t ¼ 0.

28. (a) J ¼ �x̂ 106=8π þ ŷ 106=16π [A/m]. (b) B2 ¼ ẑ 0:1 T.

29. (a) H1 ¼ H2 ¼ x̂ 105 þ ŷ 2� 105 þ ẑ 104 A=m. (b) H1 ¼ x̂ 105 þ 100
ffiffiffi
2

p� �þ ŷ
�
2� 105 � 100

ffiffiffi
2

p �þ ẑ 104 A=m,

H2 ¼ x̂
�
105 � 100

ffiffiffi
2

p �þ ŷ 2� 105 þ 100
ffiffiffi
2

p� �þ ẑ 104 A=m.

30. (a) H2 ¼ x̂ 105 � 100
ffiffiffi
2

p� �þ ŷ 2� 105 þ 100=
ffiffiffi
2

p� �þ ẑ 104 A=m.

31. (a) A�A ¼ a2 – b2 þ j2a�b. (b) A�A* ¼ a2 þ b2. (c) A�B ¼ (a�c – b�d) þ j(b�c þ a�d). (d) A�B* ¼ (a�c þ
b�d) þ j(b�c – a�d). (e) A � A ¼ 0. (f) A � A* ¼ –j2(a � b). (g) A � B ¼ (a � c – b � d) þ j(b � c þ a � d).

(h) A � B* ¼ (a � c þ b � d) þ j(b � c – a � d).

32. H z; tð Þ ¼ ŷ 5 cos ωt� βzð Þ [A/m].

33. H x; y; zð Þ ¼ H0 sin
mπx

a
cos

nπy

b
cos kzð Þ � j sin kzð Þ½ 	 [A/m],H x; y; zð Þ ¼ H0 sin

mπx

a
cos

nπy

b
∠� kz [A/m],H x; y; zð Þ

¼ H0 sin
mπx

a
cos

nπy

b
e�jkz [A/m].

34. E(z) ¼ E1∠ (–kz þ ψ) þ E2∠ (kz þ ψ) [V/m], E(z) ¼ E1e
j(–kz+ψ) þ E2e

j(kz+ψ) [V/m].
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35. E(x, z, t) ¼ E0 cos(ωt – β0(xsinθi þ zcosθi )) [V/m].

36. (a) Ex(z) ¼ E0e
–j(kz–ϕ). (b) Ė x(z) ¼ jωE0e

–j(kz–ϕ).

37. (a) H ¼ �x̂ 1250 cos 106t� 50z
� �þ ŷ 1250 cos 106t� 50z

� �
[A/m]. (b) H ¼ �x̂ 1250e�j50z þ ŷ 1250e�j50z [A/m].

38. (a) H x; y; z; tð Þ ¼ x̂ hx þ ŷ hy þ ẑ hz
� �

cos ωtþ βzþ ϕð Þ � x̂ gx þ ŷ gy þ ẑ gz

� �
sin ωtþ βzþ ϕð Þ [A/m]. (b) H x; y; zð Þ

¼ ��x̂ hx þ ŷ hy þ ẑ hy
��∠ βzþ ϕð Þ þ ��x̂ gx þ ŷ gy þ ẑ gz

��∠βzþ ϕþ π=2 [A/m].

39. (a) E1 tð Þ ¼ x̂ 20 cos ωtþ 0:3πzð Þ � 20 sin ωtþ 0:3πzð Þ½ 	 þ ŷ 10 cos ωtþ 0:3πzð Þ þ 20 sin ωtþ 0:3πzð Þ½ 	 [V/m],

E2 tð Þ ¼ x̂ �20 cos ωtþ 0:3πzð Þ � 10 sin ωtþ 0:3πzð Þ½ 	 þ ŷ 20 cos ωtþ 0:3πzð Þ � 20 sin ωtþ 0:3πzð Þ½ 	 [V/m]. (b) E1

þE2 ¼ x̂ j30ej0:3πzþ ŷ30ej0:3πz V=m½ 	 , E tð Þ¼ E1 tð Þþ E2 tð Þ¼� x̂30 sin ωtþ 0:3πzð Þþ ŷ20cos ωtþ 0:3πzð Þ [V/m].

(c) E¼E1�E2 ¼ x̂ 40þ j10ð Þej0:3πz� ŷ 10þ j40ð Þej0:3πz [V/m], E tð Þ¼E1 tð Þ�E2 tð Þ¼ x̂ 40cos ωtþ0:3πzð Þ�10sin½
ωtþ0:3πzð Þ	�ŷ 10cos ωtþ0:3πzð Þ�40sin ωtþ0:3πzð Þ½ 	 [V/m]. (d) E1� E2 ¼ ẑ300ej 0:6πzþπ=2ð Þ [V2/m2], E1 tð Þ� E2 tð Þ
¼ ẑ300cos 2ωtþ0:6πzþπ=2ð Þ [V2/m2]. (e) E1 �E2 ¼ 400ej(0.6πz � π/2) [V2/m2], E1(t) �E2(t) ¼ 400 cos(2ωt þ 0.6πz
� π/2) [V2/m2].

Chapter 12

1. (a) ∇2E�∇
ρ

ε

� �
� μ

∂J
∂t

¼ 0. (b) ∇2E� εμ
∂2E

∂t2
¼ 0.

2. ∇2B� με
∂2B

∂t2
¼ 0.

3. ∇2A +ω2μεA ¼ 0.

4. ∇2D þ ω2μεD ¼ 0.

5. ∇2B þ ω2μεB ¼ 0.

6. (a) E ¼ ω2μεΠe – ∇V. (b) ∇2Πe+ω
2μεΠe ¼ 0, Gauge: ∇�Πe ¼ –V.

7. E 20ð Þ ¼ ẑ 5 cos 109πt� 200π=3
� �

[V/m].

8. (b) vp ¼ 3 � 108 m/s, f ¼ 10.5 GHz.

9. E ¼ �ẑH0η0e
jβy þ x̂H1η0e

jβy [V/m].

10. 663.13 W.

11. (a) 68 min, 37 s. (b) 34 min, 18 s. (c) 9.15 cents.

12. Pdiss. ¼ I0
2/2πR2σ [W/m].

13. (a) H ¼ ϕ̂
12π

ηR
e�j2πR sin θ [A/m]. (b) Pav ¼ R̂

72π2

ηR2
sin 2θ [W/m2]. (c) Prad ¼ 15.79 W.

14. (a) E ¼ 1,027 V/m, H ¼ 2.72 A/m. (b) E ¼ 275 V/m, H ¼ 0.73 A/m.

15. 2.4 � 10� 9 J.

17. (b) η(100 Hz) ¼ 9.934 � 10–3 þ j9.934 � 10–3Ω, η(100MHz) ¼ 9.934 þ j9.934Ω, η(10 GHz) ¼ 74.47 þ j10.92Ω.
18. E x ¼ 1mð Þ ¼ �ẑ 3:2� 10�16e�j41:3 [V/m], H x ¼ 1mð Þ ¼ ŷ 2:3� 10�17e�j42:03[A/m].

19. (a) Pav ¼ 2; 097:1W: (b) Pav ¼ 0:012W:

20. (b) P tð Þ ¼ ŷ 2 E2
0=η

� �
e�2αy cos 2 ωt� βyð Þ [W/m2]. (c) |H| ¼ 0.057 A/m.

21. (a) 0.266 W.

22. (a) P1 ¼ 1.0 � 10–3 W, P2 ¼ 1.026 � 10–11 W. (b) vp1 ¼ 2.268 � 108 m/s, λ1 ¼ 604.75 nm, η1 ¼ 284.98 Ω,
vp2 ¼ 1.896 � 108 m/s, λ2 ¼ 506 nm, η2 ¼ 238.4 Ω. (c) ϕ2 – ϕ1 ¼ 2.04 � 1010 rad.

23. (a) η ¼ 367.9Ω,β ¼ 2:146 rad/m, vp ¼ 2.928 � 108m/s,�2.4%. (b) η0 ¼ 377Ω,β0 ¼ 2.094 rad/m, vp0 ¼ 3 � 108m/s.

24. α ¼ 1.21 � 10–6 Np/m.

25. (a) η ¼ 2.63 � 10–3 þ j2.63 � 10–3 Ω. (b) η ¼ 2.63 � 10–3 þ j2.63 � 10–3 Ω.
26. E1 ¼ 1.035 � 10–2 V/m.

27. (a) z1/z2 ¼ 10–4. (b) vp1/vp2 ¼ 10–4.

28. σ ¼ 3.36 � 107 S/m, α ¼ 230.26 Np/m.

29. (a) 2.198 m. (b) 695.295 m.

30. (a) δcu ¼ 6.61 � 10–7 m. (b) δhg ¼ 5.03 � 10–6 m.

31. (a) In copper: η60Hz ¼ 2.04 � 10–6 þ j2.04 � 10–6 Ω, η10GHz ¼ 2.63 � 10–2 þ j2.63 � 10–2 Ω.
In iron: η60Hz ¼ 1.54 � 10–4 þ j1.54 � 10–4 Ω, η10GHz ¼ 0.198 þ j0.198 Ω.
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34. 0.0987 m.

35. δ ¼ 2.98 � 10–9 m.

36. (a) f � 8.88 � 108 Hz. (b) f 
 8.88 � 108 Hz.

37. J ¼ 62 μA/m2.

38. (a) 790 A. (b) 2,317 A. (c) 12,566 A.

39. (a) dcu ¼ 2.9123 � 10–4 m, dal ¼ 3.665 � 10–4 m, dmu ¼ 3.1 � 10–6 m, dpo ¼ 90.676 m. (b) cost: aluminum. weight:

mumetal. volume: mumetal.

40. (b) vp ¼ 1ffiffiffiffiffi
με

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ω2

c=ω
2

p [m/s], vg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 � ω2

c

p
ω
ffiffiffiffiffi
με

p [m/s]. (c) vp ¼ 1, vg ¼ 0.

41. (b) vg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2με� π2=a

p
ωμε

[m/s], vp
ωffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2με� π2=a
p [m/s].

43. (b) vp( f ¼ 100) ¼ 0.316 m/s, vp( f ¼ 108) ¼ 316.23 m/s, vg ( f ¼ 100) ¼ 0.632 m/s, vg (f ¼ 108) ¼ 632.45 m/s.

44. (a) vp ¼ 1.498 � 108 m/s. (b) vg ¼ 1.503 � 108 m/s. (c) ve ¼ 1.4979 � 108 m/s.

45. (a) vg ¼ 1ffiffiffiffiffi
με

p � σ2
ffiffiffiffiffiffiffiffi
μ=ε

p
8εω2

[m/s].

Chapter 13

1. Er (z) ¼ �x̂ 0:789Eie
i2:089z, Et zð Þ ¼ x̂ 0:211Eie

�2:22�10�8ze�j17:77z [V/m].

2. (a) E1max ¼ 11.716 V/m. (b) H1max ¼ 0.031 A/m.

3.
Emax

Emin
¼ 1þ �� η2 � η0ð Þ= η2 þ η0ð Þ��

1� �� η2 � η0ð Þ= η2 þ η0ð Þ��.
4. (a) Pconverted ¼ 343.24 W/m2, eff ¼ 24.5%. (b) Pconverted ¼ 350 W/m2, eff ¼ 25%.

5. (a) Eglass ¼ 7.414 V/m, Hglass ¼ 0.0264 A/m, (b) Pglass ¼ 7.686 � 10–10 W.

7. 731.89 W.

8. P ¼ 84.9 W, W ¼ 509.4 W � h.
9. (a) 3.25 λ. (b) 192.8 V/m.

10. E/H ¼ –jη0 tan βz.
11. (a) Js ¼ �ŷ 2Ei=η0 [A/m].

12. (a) E1t ¼ E2t , H1t – H2t ¼ Js. (b) η2 ¼ 1þ jð Þ 1

δ2σ2
[Ω], δ2 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πfμ2σ2
p [m].

13. α � 45�.
14. (a) Hi ¼ 0:265 ŷcosα� ẑsinαð Þe�j2094:4 ysinαþz cosαð Þ [A/m]. (b) Er ¼ �x̂ 100e�j2094:4 ysinα�zcosαð Þ [V/m], Hr ¼ 0:265

ŷcosαþ ẑsinαð Þe�j2094:4 ysinαþz cosαð Þ[A/m]. (c) Jx ¼ x̂ 0:530cosαe�j2094:4y sin α [A/m].

15. (a) E1t ¼ E2t, H1t – H2t ¼ Js.

16. (a) Ei ¼ 37, 700 �ŷcosαþ ẑ sinαð Þe�j2094:4 ysinαþz cosαð Þ[V/m]. (b) Er ¼ 37, 700 ŷcosαþ ẑ sinαð Þe�j2094:4 ysin α�zcos αð Þ [V/m],

Hr ¼ x̂ 100e�j2094:4 ysin α�zcosαð Þ [A/m]. (c) Js ¼ �ŷ 200A=m:

18. (a) E1 x; y; zð Þ ¼ ŷ j9794:46sin 173:2zð Þe�j100y [V/m], H1 x; y; zð Þ ¼ x̂ 30cos173:2ze�j100y [A/m]. (b) Epeak ¼ �9,794.46

V/m at z ¼ nπ/346.4 m, n ¼ 1, 3, 5, 7, . . ., Hpeak ¼ �30 A/m at z ¼ nπ/173.2, n ¼ 0, 1, 2, 3, 4, . . ..

(c) Pav x; zð Þ ¼ ŷ 84, 825cos 2 173:2zð Þ:
19. (a) vpx ¼ c/sinθi. (b) vpx ¼ 3 � 108 m/s.

20. (a) J ¼ ŷ 0:0459A=m. (b) J ¼ x̂ 0:053A=m.

21. (a) Pav ¼ ŷ
E2
i1 cos θi
2η0

1þ Γ2
⊥ þ Γ⊥2 cos 2β0z cos θið Þ� �þ ẑ

E2
i1 sin θi
2η0

1� Γ2
⊥

� �
[W/m2]. (b) Pav ¼ E2

i1T
2
⊥

2η2
ẑ cos θtþð

ŷsinθtÞ [W/m2].

22. (a) θi ¼ 63�260, θt ¼ 46�550. (c) Γ || ¼ 0.11, T|| ¼ 0.726. (d) Etx ¼ 5.93, Ety ¼ 5.55 V/m, Erx ¼ –1.1, Ery ¼ 0.55 V/m.

23. (a) ϕT⊥
¼ tan �1 η0cosθt

2

ffiffiffiffiffiffiffiffi
ωμ2
2σ2

r
cosθi þ η0cosθt

. (b) ϕΓ⊥
¼ tan �1

2η0

ffiffiffiffiffiffiffiffi
ωμ2
2σ2

r
cosθi cosθt

ωμ2
σ2

cos2θi � η20 cos
2θt

.

Answers 1023



25. Γ⊥ ¼ cosθ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:1� sin 2θ

p

cosθ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:1� sin 2θ

p , Γ|| ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:1� sin 2θ

p
� 2:1 cosθffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:1� sin 2θ
p

� 2:1 cosθ
.

26. Γ || ¼ (η2 – η1)/(η2 þ η1), T|| ¼ 2η2/(η2 þ η1), θi ¼ 0, Γ|| ¼ 1, T|| ¼ 0, θi ¼ 90�.

27. d ¼ d2=2d1ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0016þ 3d21

q
m.

28. (a) θb ¼ 78�280. (b) θb ¼ 63�260. (c) θb ¼ 56�180.
29. ε2 ¼ 3.537ε0.
30. (a) θc ¼ 11�470. (b) θc ¼ 41�250. (c) θc ¼ 41�490.
31. εr ¼ 2.894.

32. (a) Γ|| ¼ –0.12388, T|| ¼ 2.2478. (b) θc ¼ 30�.
33. (a) εr ¼ 2. (b) θc ¼ 70�320. (c) θc ¼ 45�.
35. (a) η1 ¼ η3 ¼ 377 Ω, η2 ¼ 188:5 Ω

(b) E1 ¼ Ei0 e�j20πz=3 þ 3
�1þ e�j80πd=3

9� e�j80πd=3
ej20πz=3

0@ 1A V=m½ 	, z < 0,

H1 ¼ Ei0

377
e�j20πz=3 þ 3

�1þ e�j80πd=3

9� e�j80πd=3
ej20πz=3

0@ 1A A=m½ 	, z < 0

E2 ¼ Ei0
6e�j40πz=3 þ 2e�j80πd=3ej40πz=3

9� e�j80πd=3

0@ 1A V=m½ 	, 0 < z < d,

H2 ¼ Ei0

188:5

6e�j40πz=3 þ 2e�j80πd=3ej40πz=3

9� e�j80πd=3

0@ 1A A=m½ 	, 0 < z < d

E3 ¼ Ei0
8e�j20πd=3

9� e�j80πd=3
e�j20πz=3

0@ 1A V=m½ 	, z > d, H3 ¼ Ei0

377

8e�j20πd=3

9� e�j80πd=3
e�j20πz=3

0@ 1A A=m½ 	, z > d

(c) E1 z ¼ 0ð Þ ¼ 0:8581� j0:255 V=m½ 	, H1 z ¼ 0ð Þ ¼ 3:03� 10�3 þ j6:76� 10�4 A=m½ 	,
E2 z ¼ 0:005mð Þ ¼ 0:866� j0:368 V=m½ 	,
H2 z ¼ 0:005mð Þ ¼ 2:68� 10�3 � j2:85� 10�4 A=m½ 	,
E3 z ¼ 0:01mð Þ ¼ 0:914� j0:281 V=m½ 	, H3 z ¼ 0:01mð Þ ¼ 2:42� 10�3 � j7:46� 10�4 A=m½ 	

36. (a) d ¼ 0.075n [m], n ¼ 0, 1, 2 . . . .

37. d ¼ tan �1 η0=η2ð Þe�jπ=2
� �

=ω
ffiffiffiffiffiffiffiffiffi
μ2ε2

p
[m].

38. d ¼ 7.5 mm.

39. d ¼ 31.4 mm.

40. (a) η1 ¼ η3 ¼ 377 Ω, η2 ¼ 188.37 – j0.42 Ω.

41. (a) E1 ¼ x̂ 1e�jπz þ �0:46693� j0:12261ð Þejπz½ 	 [V/m], z < 0,H1 ¼ ŷ 1e�jπz þ 0:46693þ j0:12261ð Þejπz½ 	=377 [A/m],

z < 0, E2 ¼ x̂ 0:75552� j0:020435ð Þe�j1:5πz � 0:22246þ j0:10218ð Þej1:5πz� 

[V/m], 0 < z < 0.1 m,H2 ¼ ŷ 0:75552ð½

�j0:020435Þe�j1:5πz þ 0:22246þ j0:10218ð Þej1:5πz	=251:34 [A/m], 0 < z < 0.1 m, E3 ¼ x̂ 0:65441þ j0:055284ð Þ½
e�j2πz � 0:16564þ j0:14313ð Þej2πz	 [V/m], 0.1 m < z < 0.2 m, H3 ¼ ŷ 0:65441þ j0:055284ð Þe�j2πz � 0:16564 þð½
j0:14313Þej2πz	=188:5 [A/m], 0.1 m < z < 0.2 m, E4 ¼ x̂ 0:74918þ j0:45302ð Þe�jπz½ 	 [V/m], z > 0.2 m, H4 ¼ ŷ

0:74918� j0:45302ð Þe�jπz½ 	=377 [A/m], z > 0.2 m. (b) Γslab ¼ –0.46693 – j0.12261, Tslab ¼ 0.74918 – j0.45302.
42. Pav ¼ 4.93 W/m2.

43. (a) Γslab ¼ –0.9226 þ j0.3858. (b) d ¼ 0.0745n, n ¼ 0, 1, 2,. . ..
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Chapter 14

1. C1 ¼ 80.26 pF/m, L1 ¼ 0.1386 μH/m, C2 ¼ 722.34 pF/m, L2 ¼ 0.1386 μH/m.

2. (b) C ¼ 5.6 � 10–12 F/m, L ¼ 1.98 � 10–6 H/m. (c) L ¼ 0.2634 μH/m, C ¼ 42.24 pF/m.

3. C ¼ 66.67 pF/m, L ¼ 0.375 μH/m.

4. (a) Z0 ¼ 415.9 Ω, vp ¼ 1 � 107 m/s. (b) 9.97 ns.

5. (a) vp ¼ c. (b) Z0 ¼ 3.77 Ω.
6. (a) 299.79 m. (b) L ¼ 0.497 μH, C ¼ 22.388 pF, 300 sections (other solutions are possible).

7. (a) 14 mm (or 1.05 mm). (b) Z0 
 21.4 Ω (or Z0 
 176.65 Ω), α ¼ 0.00376 Np/m. (c) 307.8 m.

8. (a) d ¼ 0.0117 m. (b) Z0 
 44.1 Ω, α ¼ 3.77 � 10–3 Np/m. (c) d ¼ 2,289 m.

9. (a) γ ¼ 4.86 � 10–5 þ j4.86 � 10–5. (b) Z0 ¼ 8.85 þ j8.85 Ω, γ ¼ 4.86 � 10–5 þ j4.86 � 10–5.

10. (a) ZL ¼ Z0 ¼ 635.68 – j19.9 Ω. (b) P ¼ 0.0104 W.

11. (a) C ¼ 16.67 � 10–12 F/m, L ¼ 1.499 � 10–6 H/m, R ¼ 0.0628 Ω/m. (b) γ ¼ 1.047 � 10–4 þ j3.14 � 10–3.

12. (a) E ¼ r̂ 24:15=rð Þe�jβz [A/m], H ¼ ϕ̂ ð0:127=rÞe�jβz [A/m]. (b) P ¼ 24 W.

13. (a) P ¼ 282 kW. (b) P ¼ 902 kW. (c) Hmax ¼ 0.796 A/m, Emax ¼ 300 V/m.

14. (a) V+ ¼ 11.197 ∠ 13.84� V, V� ¼ 15.382 ∠ � 69.81� V. (b) I+ ¼ 0.112 ∠ 13.84� A, I� ¼ 0.154 ∠ � 69.81�.
(c) ZL ¼ 90 ∠ 108� Ω.

15. (a) Vi ¼ 50 V (rms), Ii ¼ 0.2 A (rms). (b) 12 W.

16. (a) d ¼ nλ/2, n ¼ 0, 1, 2,. . .. (b) Same.

17. d ¼ λ/4.

18. Γa ¼
Z2 1þ ΓLe

�j2β2d
� �� Z1 1� ΓLe

�j2β2d
� �

Z2 1þ ΓLe�j2β2dð Þ þ Z1 1� ΓLe�j2β2dð Þ e
�j2β1a.

19. Zin rð Þ ¼ 18:84
e 0:0105þj20:96ð Þr þ 0:598e� 0:0105þj20:96ð Þr

e 0:0105þj20:96ð Þr � 0:598e� 0:0105þj20:96ð Þr [Ω].

20. 45.23 þ j14.69 [Ω].
21. (b) Zin1 ¼ 9Z0/10.
22. Zin ¼ 50 þ j153.9 Ω.
23. ZL1 ¼ 200 Ω, ZL2 ¼ 12.5 Ω.
25. (a) zero. (b) I ¼ 0.24 A. (c) Time averaged power: zero, reactive power: 2.88 VAR.

26. (a) d ¼ 0.1762 þ 0.5n, n ¼ 0, 1, 2, . . . . [m]. (b) d ¼ 0.8976 þ 0.5n, n ¼ 0, 1, 2, . . . . [m]. (c) d ¼ 0.8238 þ 0.5n, for

(a) and d ¼ 0.1024 þ 0.5n for (b), n ¼ 0, 1, 2, . . . . [m].

27. d ¼ vp0/4(f2 – f1).

28. (b) dmax ¼ vp0(2f1 – f2)/4f1f2.

29. (a) Z0 ¼ 100 Ω, α ¼ 1.02 � 10–4 Np/m, β ¼ 5.88 � 10–5 rad/m. (b) 0.435 W.

30. (a) 83.69 Ω. (b) Zmin ¼ 31.25 Ω, Zmax ¼ 80 Ω. Minima at: z ¼ 0, λ/2, λ, 1.5λ, . . ., Maxima at: z ¼ λ/4, 3λ/4, 5λ/4, . . ..
33. (a) ZL ¼ 10 Ω. (b) 300 V and –200 V. (c) 6 A and 4 A.

34. (a)SWR ¼ 4.4. (b)Vmax ¼ 100V,Vmin ¼ 22.73V . (c)Vmax at z ¼ nλ/2, n ¼ 0, 1, 2, . . ., Vmin at z ¼ (2n þ 1)λ/4, n ¼ 0,
1, 2, . . . .

35. (a) 2.0. (b) Vmin ¼ 100 V, Vmax ¼ 200 V. (c) Vmin at z ¼ nλ/2, n ¼ 0, 1, 2, . . ., Vmax at z ¼ (2n þ 1)λ/4, n ¼ 0, 1, 2, . . . .

36. (a) Z zð Þ ¼ j50
�1þ tan 20πzð Þ
1þ tan 20πzð Þ [Ω].

37. (a) Z zð Þ ¼ j50
1þ tan 20πzð Þ
1� tan 20πzð Þ [Ω].

38. (a) Γ(z) ¼ 0.2997e–j(0.042z–1.267). (b) 1.856. (c) z ¼ 105.45 m. (d) SWR ¼ 2:5ω2 þ 1015 þ 2:5ω2 þ j5� 107ω
�� ��

2:5ω2 þ 1015 � 2:5ω2 þ j5� 107ω
�� ��.

39. (a) Γ(z) ¼ 0.3033e–j(0.042z+1.263). (b) 1.87. (c) z ¼ 109.93 m. (d) SWR ¼ 2:5ω2 þ 1013 þ 1013 þ j5� 106ω
�� ��

2:5ω2 þ 1013 � 1013 þ j5� 106ω
�� ��.

41. (a) VL ¼ 9.98∠111.55� V. (b) 0.003 W.

42. d ¼ 0.0413λ.
43. (b) f ¼ 100, 200, 300, 400 MHz.

44. (b) f ¼ 78.75 MHz. (c) f ¼ 171, 328.75 MHz.

45. (a) f ¼ 200 MHz. (b) f ¼ 113.6, 129.2, 153.4 MHz.
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Chapter 15

1. (a) Γ ¼ 0.598∠21.8�. (b) Γ ¼ 0.598∠ – 98.2�. (c) 3.98. (d) 42 – j77 Ω. (e) Vmax at 0.03λ, Vmin at 0.28λ.
2. (a) Vmax ¼ 80.5 V. (b) Vmin ¼ 30.7 V. (c) Minima: 0.088λ þ n(0.5λ), n ¼ 0, 1, 2,. . ., maxima: 0.338λ þ n(0.5λ),

n ¼ 0, 1, 2, . . . .

3. Z ¼ 48 þ j44 Ω.
4. (a) Zin ¼ 210 – j648 Ω. (b) SWR ¼ 9. (c) Pin ¼ 17.5 W.

5. (a) ZL ¼ 71 – j21 Ω. (b) Maxima: 0.45λ, 0.95λ, 1.45λ, 1.95λ, 2.45λ, 2.95λ, 3.45λ, 3.95λ, 4.45λ, 4.95λ, 5.45λ, 5.95λ,
6.45λ, 6.95λ, 7.45λ, 7.95λ, and 8.45λ. Minima: 0.2λ, 0.7λ, 1.2λ, 1.7λ, 2.2λ, 2.7λ, 3.2λ, 3.7λ, 4.2λ, 4.7λ, 5.2λ, 5.7λ, 6.2λ,
6.7λ, 7.2λ, 7.7λ, and 8.2λ. (c) ΓL ¼ 0.244∠ – 36�, SWR ¼ 1.75.

6. (a) l ¼ 0.058λ, R ¼ 125 Ω.
7. (a) ZL ¼ 97.5 – j78 Ω. (b) Γ ¼ 0.431∠ – 50�.

8. (a) SWR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Z2

0 þ XL þ Z1 tan β1dð Þð Þ2
q

þ ��XL þ Z1 tan β1dð Þ��ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Z2

0 þ XL þ Z1 tan β1dð Þð Þ2
q

� ��XL þ Z1 tan β1dð Þ��. (b) d ¼ (λ/2π) tan–1(–XL/Z1).

10. (d1a ¼ 0.462λ, d2a ¼ 0.102λ) or (d1b ¼ 0.12λ, d2b ¼ 0.397λ).
11. Position: 0.224λ (1.12 m), length: 0.153λ (0.765 m) or: position 0.422λ (2.11 m), length: 0.347λ (1.735 m).

12. d1a ¼ 0.029λ, d2a ¼ 0.105λ or: d1b ¼ 0.188λ, d2b ¼ 0.396λ.
13. (a) Γ ¼ 1/3∠ – 180�. (b) 2.0. (c) location: 0.403λ (0.959 m), length: 0.153λ (0.364 m) or: location: 0.098λ (0.233 m),

length: 0.347λ (0.826 m). (d) ΓL ¼ 0.22 ∠58 or ΓL ¼ 0.14 ∠110�.
14. d21 ¼ 0.375λ, d11 ¼ 0.177λ or: d22 ¼ 0.125λ, d12 ¼ 0.094λ.
15. d11 ¼ 0.199λ, d21 ¼ 0.081λ or: d12 ¼ 0.346λ, d22 ¼ 0.384λ.

16. Zt ¼
ffiffiffiffiffiffiffiffiffiffi
Z1Z2

p
[Ω].

17. d ¼ λ/4, Zc ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ��ΓL

��� �
= 1þ ��ΓL

��� �q
[Ω], if ZL < Z0, Zc ¼ Z0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ��ΓL

��� �
= 1� ��ΓL

��� �q
[Ω] if ZL > Z0.

18. d ¼ 0.1611λ, Zt ¼ 114 Ω or: d ¼ 0.4111λ, Zt ¼ 43.85 Ω.
19. (a) dmin ¼ 2.75λ. (b) Zt ¼ 367.42 Ω. (c) 1.5 and 1.0.

Chapter 16

3. (a) Zero. (b) > 3 μs.
6. (a) 9.26 V. (b) 10 V.

8. (a) 33.34 V. (b) 0.667 A. (c) 0.1 ms. (d) 0.2 ms.

9. (a) V (10μs) ¼ –0.02232 V, I(10μs) ¼ –50 μA.
10. V (10.5 μs) ¼ –3.3807 V, I(10.5 μs) ¼ –0.0676 A.

11. (a) Vg ¼ 7.11 V, VL ¼ 6.912 V, Va– ¼ 7.373 V, Va+ ¼ 7.4 V, Vb– ¼ 7.465 V, Vb+ ¼ 7.465 V. (b) Vg ¼ 7.1424 V,

VL ¼ 6.912 V, Va– ¼ 7.1424 V, Va+ ¼ 7.1424 V, Vb– ¼ 7.189 V, Vb+ ¼ 7.1885 V.

12. Vg ¼ 5.952 V, VL ¼ 0 V, Va– ¼ 5.952 V, Va+ ¼ 5.952 V, Vb– ¼ 1.3824 V, Vb+ ¼ 1.659 V. Ig ¼ 0.08064 A,

IL ¼ 0.1536 A, Ia– ¼ 0.08064 A, Ia+ ¼ 0.05376 A, Ib– ¼ 0.11008 A, Ib+ ¼ 0.16589 A.

13. (a) vL tð Þ ¼ 100 1� e� t�10�6ð Þ=50�10�6
� �

[V], t � Δt, iL tð Þ ¼ 2e� t�10�6ð Þ=50�10�6

[A], t � Δt.

14. (a) vL tð Þ ¼ 100e� t�10�4ð Þ50=1�10�6

[V], t � Δt, iL tð Þ ¼ 2 1� e� t�10�4ð Þ50=1�10�6
� �

[A], t � 10–4 s. (b) V tð Þ ¼ 100

e� t�10�4ð Þ50=1�10�6

[V], I tð Þ ¼ 2 1� e� t�10�4ð Þ50=1�10�6
� �

[A].

17. (a) 3,000 m.

18. (a) 1,500 m. (b) Z ¼ 16.7 Ω.
19. (a) 3,000 m. (b) Z ¼ 150 Ω.
20. (a) 1,500 m.
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Chapter 17

1. (a) vg ¼ 5.43 � 108 m/s, λg ¼ 0.003 m, ZTM ¼ 208.4 Ω. (b) E x; zð Þ ¼ x̂ 1:1134 cos 1000πxð Þ e�j2094:4z þ ẑ j 1:67

sin 1000πxð Þe�j2094:4z [V/m]. (c) H x; zð Þ ¼ ŷ 0:0053 cos 1000πxð Þe�j2094:4z [A/m]. (d) P ¼ ẑ 0:0059 cos 2 1000πxð Þ
e�j4188:8z � x̂ j0:0088 sin 1000πxð Þ cos 1000πxð Þe�j4148:8z [W/m2].

2. (a) 160 GHz. (b) 160 GHz. (c) ZTE ¼ 232.7 Ω, ZTM ¼ 174.5 Ω, ZTEM ¼ 201.5 Ω.
3. (a) 31.84 � 10–12 W. (b) 31.84 � 10–12 W. (c) PavTEM ¼ 106� 10�12W.

4. 3.75 GHz.

5. (a) Γ ¼ –0.268, T ¼ 0.732. (b) SWR ¼ 1.732 (left), SWR ¼ 1 (right).

6. E ¼ �x̂ ηλ=λzð Þ2H0cos πx=að Þ cos ωtð Þ sin 2πz=λzð Þþ ẑ ηλ=λcð Þ2H0sin πx=að Þ sin ωtð Þ sin 2πz=λzð Þ [V/m], H ¼ ŷ 2H0

cos πx=að Þ sin ωtð Þ cos 2πz=λzð Þ [A/m].

7. (a) TM1. (b) 619.06 � 10–9 m.

8. E zð Þ ¼ ŷE0e
�jω

ffiffiffiffiffiffiffiffi
μ0ε0z

p
[V/m], H zð Þ ¼ �x̂ E0=η0ð Þe�jω

ffiffiffiffiffiffiffiffi
μ0ε0z

p
[A/m].

9. E x; zð Þ ¼ ŷ jE0 sin mπx=dð ÞE�j2πz=λg [V/m], H x; zð Þ ¼ � x̂ j E0=η0ð Þ λ=λg
� �

sin mπx=dð Þe�j2πz=λg� ẑ E0=η0ð Þ λ=λcmð Þ
cos mπx=dð Þe�j2πz=λg [A/m].

10. E ¼ x̂H0η0 λ=λg
� �

cos mπx=dð Þe�j2πz=λgþ ẑ jH0η0 λ=λcmð Þ sin mπx=dð Þe�j2πz=λg [V/m], H ¼ ŷH0cos mπx=dð Þe�j2πz=λg

[A/m].

11. (a) b ¼ 1.5 m. (b) 8.

12. (a) 2.0793 GHz. (b) 1.1865 GHz.

13. TE10 (5.263 GHz), TE01 (11.886 GHz), TE11 ¼ TM11 (12.999 GHz), TE20 (10.526 GHz).

14. (a) E ¼ 2.48 � 106 V/m, H ¼ 4318.13 A/m.

15. (a) > 30 MHz. (b) 30 MHz.

16. (a) f c0 ¼ c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2a


 �2

þ 1

2b


 �2
s

[Hz]. (b) t ¼ d
ffiffiffiffiffiffiffiffiffi
μ0ε0

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f c0

f


 �2
s

þ ffiffiffiffiffiffiffiffiffi
μ1ε1

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f c1

f


 �2
s" #

[s].

17. (a) Ey x; y; zð Þ ¼ �j20, 040 sin 66:1xð Þe�j67:2z, Ez ¼ 0 V=m½ 	 (b) Hx x; y; zð Þ ¼ j37:265 sin 66:1xð Þe�j67:2z A=m½ 	,
Hz x; y; zð Þ ¼ 37:265 sin 66:1xð Þe�j67:2z A=m½ 	:

18. (a) TE10 (15 GHz). (b) P ¼ 0.0149 W. (c) P ¼ 0.00995 W.

19. Pmax ¼ 1.163 � 106 W.

20. (b) 5.3 � 1013 Hz (infared). (c) 8.12 � 10–4 W.

26. (a) αdTE10
¼ 0:0179Np=m. (b) 3%.

27. (a) 2.98 mW/m. (b) αw ¼ 0.00943 Np/m.

28. (a) α ¼ 0.0266 Np/m. (b) 5.78 mW/m.

29. (a) 4.5 GHz. (b) TE011 (5.59 GHz), TE201 (7.9 GHz), TE103 (8.38 GHz).

30. TE101 (2.1 GHz), TE102 (2.164 GHz), TE103 (2.266 GHz), TE104 (2.4 GHz), TE105 (2.564 GHz), TE106 (2.75 GHz),

TE107 (2.955 GHz), TE108 (3.175 GHz), TE109 (3.408 GHz), TE1,0,10 (3.65 GHz).

31. (a) d ¼ 0.0204 m. (b) TE101 (8 GHz).

32. f ¼ n=2d
ffiffiffiffiffiffiffiffiffi
μ1ε1

p
[Hz], n ¼ 1, 2, 3 . . ..

Chapter 18

2. (a) E 
 R̂ 1:53=jR3
� �

cosθ þ θ̂ 0:763=jR3
� �

sin θ [V/m],H 
 ϕ̂ 6:37� 10�3=R2
� �

sin θ [A/m]. (b) E ¼ θ̂ j7:54=Rð Þ sin

θe�jπR [V/m], H ¼ ϕ̂ j0:02=Rð Þ sin θe�jπR [A/m]. (c) Rrad ¼ 0.316 Ω, Prad ¼ 0.632 W. (d) 27.5 km.

3. (a) Pav ¼ R̂ V2
0=2η0R

2
� �

sin 2θ [W/m2]. (b) Prad ¼ 4πV0
2/3η0 [W].

4. (a) Prad ¼ 5.12 mW. (b) Prad ¼ 44.92 mW.

5. (a) 0.0318λ.
6. (a) Prad ¼ 25ω2μ2β2πa2I0

2/3η [W]. (b) Rrad ¼ 50ω2μ2β2πa4/3η [Ω].
7. (a) E ¼ θ̂ jβηI0L=8πRð Þ sin θe�jβR [V/m], H ¼ ϕ̂ jβI0L=8πRð Þ sin θe�jβR [A/m], Pav ¼ R̂ β2ηI20L

2=128π2R2
� �

sin 2θ

[W/m2]. (b) Rrad ¼ 20π2(L/λ)2 [Ω].
8. Pav ¼ 7.54 � 10–10 W/m2.
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9. (a) Rrad ¼ 73.08 Ω, eff ¼ 99.43%. (b) eff ¼ 99.86%.

10. (b) eff ¼ 96.8%.

11. Prad ¼ 20.773 W.

12. (a) Pav ¼ 1.464 � 10–7 W/m2. (b) G ¼ 1.618.

13. (a) SWR ¼ 1.4615. (b) SWR ¼ 1.4857. (c) SWR ¼ 159.

14. (a) I(z) ¼ I0 cos(πz0/L) [A]. (b) I(z) ¼ I0 sin(2π|z0|/L) [A]. (c) I(z) ¼ –I0 cos(3πz0/L) [A].
(d) I(z) ¼ I0 cos(π/4 – 3π|z0|/2L) [A]. (e) I(z) ¼ –I0 sin(4π|z0|/L) [A]. (f) I(z) ¼ –I0 sin(π/4 – 5π|z0|/2L) [A].

15. (a)
��f e θð Þ�� ¼ �� cos 3π=4ð Þ cosθð Þ þ 1=

ffiffiffi
2

p� �
= sin θ

��. (b) |fe(θ)| ¼ |(cos((π)cosθ) þ 1)/sinθ|.

(c) |fe(θ)| ¼ |cos((3π/2)cosθ)/sinθ|. (d) |fe(θ)| ¼ |(cos((2π)cosθ) – 1)/sinθ|. (e) |fe(θ)| ¼ |cos((5π/2)cosθ)/sinθ|.
16. Rrad ¼ 105.48 Ω, D(θ) ¼ 1.1376(cos((1.5π)cosθ))2, Prad ¼ 2.1 W.

17. (a) Rrad ¼ 111 Ω. (b) Rrad ¼ 108.162 Ω. (c) D(θ) 
 1.08(cos((1.25π)cos θ þ 0.707))2, D(θ) ¼ 1.1094(cos((1.25π)
cos θ þ 0.707))2.

18. (a) 1.5 m. (b) Rrad ¼ 99.54 Ω. (c) 49.77I0
2 [W]. (d) D ¼ 2.41.

19. (a) I ¼ 2.433 A. (b) 23.2 km.

20. (b) 99.46% and 99.94%. (c) 0.995.

21. (a) 0.00439 Ω. (b) 0.002195I0
2 [W]. (c) d ¼ 1.5.

22. (a) 0.75 m. (b) 36.54 Ω. (c) 18.271I0
2 [W]. (d) 1.642.

23. (a) E ¼ θ̂
βηI0de�jβR

2πR
sinθsin βhsinθcos2ϕ

� �
[V/m], H ¼ ϕ̂

βI0de�jβR

2πR
sinθsin βhsinθcos2ϕ

� �
[A/m].

(b) jfe(θ, ϕ)j ¼ jsinθ sin(βhsinθcosϕ)j, 0 � θ � π/2, 0 � ϕ � 2π.
24. (a) jfe(θ)j ¼ j(cos(2πcosθ) – 1)/sinθj. (b) 64.9 W. (c) jfe(θ)j ¼ j(cos(3πcosθ) þ 1)/sinθj, 73.9 W.

25. (a) jfa(θ, ϕ, φ)j ¼ jcos((π/2)cosθ)/sinθj. (b) jfa(θ, ϕ, φ)j ¼ jcos((π/2)cosθ) cos((π/2)sinθcosϕ)/sinθj. (c) jfa(θ, ϕ, φ)j ¼
j – cos((π/2)cosθ)sin((π/2)sinθcosϕ)/sinθj. (d) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos((π/2)sinθcosϕ þ π/4)/sinθj.
(e) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos((π/2)sinθcosϕ) þ π/8)/sinθj. (f) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos(πsinθcosϕ)/
sinθj. (g) jfa(θ, ϕ, φ)j ¼ j – cos((π/2)cosθ) sin((πsinθcosϕ)/sinθj. (h) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos(πsinθcosϕ þ
π/4)/sinθj. (i) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos(πsinθcosϕ þ π/8)/sinθj. (j) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos((3π/2)
sinθcosϕ)/sinθj. (k) jfa(θ, ϕ, φ)j ¼ j – cos((π/2)cosθ) sin((3π/2)sinθcosϕ)/sinθj. (l) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ)
cos((3π/2)sinθcosϕ þ π/4)/sinθj. (m) jfa(θ, ϕ, φ)j ¼ j cos((π/2)cosθ) cos((3π/2)sinθcosϕ þ π/8)/sinθj.

26. (a) f a θ;ϕ;φð Þj j ¼ cos π=2ð Þ cos θð Þ
sin θ

cos 10π sin θ cosϕð Þ
���� ����:

(b) f a θ;ϕ;φð Þj j ¼ cos π=2ð Þ cos θð Þ
sin θ

cos 10π sin θ cosϕþ π

4

� ����� ����:
27. (a) E ¼ 0:0167e�j2:084R

R
sin θðθ̂ j11:31þ ϕ̂ 55:81Þ ½V=m	, H ¼ 0:0167e�j2:084R

R
sin θðθ̂ j0:03� ϕ̂ 0:148Þ ½A=m	:

(b) E ¼ 0:0167e�j2:084R

R
sin θðθ̂ j11:31� ϕ̂ 55:81Þ ½V=m	, H ¼ 0:0167e�j2:084R

R
sin θðθ̂ j0:03þ ϕ̂ 0:148Þ ½A=m	:

29. (a) jf e θ;ϕ;φð Þj ¼ 1

6

sin ð3πsin θcosϕÞ
sin
�
ðπ=2Þsin θcosϕ

�
������

������
cos
�
ðπ=2Þcos θ

�
sin θ

������
������:

(b) jf p θ;ϕ;φð Þj ¼ 1

6

sin ð3πsin θcosϕÞ
sin
�
ðπ=2Þsin θcosϕ

�
������

������
cos
�
ðπ=2Þcos θ

�
sin θ

������
������

0@ 1A2: (c) θ ¼ 90�.

(d) ϕ ¼ 60�; ϕ ¼ 90�; ϕ ¼ 120�; ϕ ¼ 240�; ϕ ¼ 270� and ϕ ¼ 300�.

30. (a)
��f a θ;ϕ;φð Þ�� ¼ 1

5

cos
�
π=2ð Þ cosθ�
sinθ

���� ���� sin
�
3π sinθ cosϕ� 1ð Þ=2�

sin 0:6π sinθcosϕ� 1ð Þ=2ð Þ
���� ����.

(b)
��f a θ;ϕ;φð Þ�� ¼ 1

6

cos π=2ð Þ cosθð Þ
sinθ

���� ���� sin 6π 0:6sinθcosϕ� 1ð Þ=2ð Þ
sin π

�
0:6sinθcosϕ� 1

�
=2

� ������
�����.

(c)
��f a θ;ϕ;φð Þ�� ¼ 1

10

cos π=2ð Þ cosθð Þ
sinθ

���� ���� sin 10π 0:7sinθ cosϕ� 0:75ð Þ=2ð Þ
sin π

�
0:7sinθcosϕ� 0:75

�
=2

� ������
�����.
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(d)
��f a θ;ϕ;φð Þ�� ¼ 1

5

cos π=2ð Þcosθð Þ
sinθ

���� ���� sin 5π 0:7sinθcosϕ� 1ð Þ=2ð Þ
sin π

�
0:7sinθcosϕ� 1

�
=2

� ������
�����.

31.
��f a θ;ϕ; 0ð Þ�� ¼ 1

5
sinθj j sin 5π=4ð Þsinθcosϕð Þ

sin π=4ð Þsinθcosϕð Þ
���� ����.

32. (a)
��f a θ;ϕð Þ�� ¼ cos π=2ð Þcosθð Þ

sinθ

���� ���� cos2 πsinθ cosϕ

4


 ����� ����.
33. (a)

��f a θ;ϕð Þ�� ¼ cos π=2ð Þ cosθð Þ
sinθ

���� ���� sin nπ=2ð Þ sinθcosϕð Þ
n sin π=2ð Þ sinθ cosϕð Þ
���� ����, 0 � θ � π/2

(b) E ¼ θ̂
jηI0
2πR

e�jβRej n�1ð Þ π=2ð Þ sinθ cosϕ cos π=2ð Þ cosθð Þ
sin θ

sin nπ=2ð Þ sinθ cosϕð Þ
sin π=2ð Þ sinθ cosϕð Þ ½V=m	,

H ¼ ϕ̂
jI0
2πR

e�jβRej n�1ð Þ π=2ð Þ sinθ cosϕ cos π=2ð Þ cosθð Þ
sinθ

sin nπ=2ð Þ sinθ cosϕð Þ
sin π=2ð Þ sinθ cosϕð Þ ½A=m	, 0 � θ � π/2.

34. (a) E¼ ϕ̂
ωμβIπd2=4

4πR
e�jβR sinθej n�1ð Þψ=2 sin nψ=2ð Þ

sin ψ=2ð Þ ½V=m	,

H¼�θ̂
ωμβIπd2=4

4πηR
e�jβR sinθej n�1ð Þψ=2 sin nψ=2ð Þ

sin ψ=2ð Þ ½A=m	, ψ ¼ 0.08 πsinθcosϕ þ φ

(b) Fn θ;ϕ;φð Þ¼ sin 0:04nπ sinθcosϕð Þ
sin 0:04π sinθcosϕð Þ ,

��f n θ;ϕ;φð Þ��¼ 1

n

sin 0:04nπ sinθcosϕð Þ
sin 0:04π sinθcosϕð Þ
���� ����.

35. (a) E ¼ θ̂
jηI0
2π

cos π=2ð Þ cosθð Þ
sin θ

e�jβR

R
1þ 2 cos 2π cosθð Þ þ 2 cos 4π cosθð Þð Þ [V/m],

H ¼ ϕ̂
jI0
2π

cos π=2ð Þ cosθð Þ
sinθ

e�jβR

R
1þ 2 cos 2π cosθð Þ þ 2 cos 4π cosθð Þð Þ [A/m].

(b) Pav ¼ 1
2
Re E�H�f g ¼ R̂

ηI20
8π2R2

cos π=2ð Þ cosθð Þ
sin θ


 �2

1þ 2 cos 2π cosθð Þ þ 2 cos 4π cosθð Þ½ 	2 [W/m2].

36. (a) E ¼ θ̂
jηI0
2πR

e�jβR cos π=2ð Þcosθð Þ
sinθ

1þ 2cos 2πcosθð Þ þ 2cos 4πcosθð Þ½ 	 ½V=m	,

H ¼ ϕ̂
jI0
2πR

e�jβR cos π=2ð Þ cosθð Þ
sinθ

1þ 2cos 2π cosθð Þ þ 2cos 4π cosθð Þ½ 	 ½A=m	,

(b) Pav ¼ R̂
β2ηI20Δl

2

8π2R2
sinθ cos π sinθ sinϕð Þ� cos π sinθcosϕð Þð Þ½ 	2 [W/m2].

37. Pav ¼ R̂
I0

2η

2π2R2

cos 2 π=2ð Þ cosθð Þ
sin 2θ

2þ cos π sinθ cos2ϕ
� �� cos π=2ð Þ sinθ cos2ϕ� �� cos 3π=2ð Þ sinθ cos2ϕ� �� �2

[W/m2].

38. At 520 kHz: Ae ¼ 39,726.7 sin2 θ, at 1.6 MHz: Ae ¼ 4,196.5 sin2 θ.

39. (a) Preceived|max ¼ 3c2P/32π2f2R2 [W]. (b) Ipeak ¼ 3c3

8f 3Ra2π3

ffiffiffiffiffiffiffiffiffiffi
P

2πη0

s
[A].

40. (a) I ¼ 4.969 � 10–4 A. (b) I ¼ 1.633 � 10–5 A.

41. (a) 125.66. (b) 10 m2.

42. (a) 12.8 μA. (b) 32.44 μA (antennas are tilted 45� to the left of the normal).

43. 7,955 m.

44. σ ¼ 198.44 m2.

45. Pj ¼ P0σG0

4πR2Ga

[W].
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Appendix: Summary of Vector Relations
and Physical Constants

Gradient, divergence, curl, and the Laplacian in various coordinates:

Cartesian coordinates:

∇U ¼ x̂
∂U
∂x

þ ŷ
∂U
∂y

þ ẑ
∂U
∂z

,

∇ � A ¼ ∂Ax

∂x
þ ∂Ay

∂y
þ ∂Az

∂z
,

∇� A ¼ x̂
∂Az

∂y
� ∂Ay

∂z

0@ 1Aþ ŷ
∂Ax

∂z
� ∂Az

∂x

0@ 1Aþ ẑ
∂Ay

∂x
� ∂Ax

∂y

0@ 1A,

∇2U ¼ ∂2U

∂x2
þ ∂2U

∂y2
þ ∂2U

∂z2

Cylindrical coordinates:

∇U ¼ r̂
∂U
∂r

þ ϕ̂
1

r

∂U
∂ϕ

þ ẑ
∂U
∂z

,

∇ � A ¼ 1

r

∂ rArð Þ
∂r

þ 1

r

∂Aϕ

∂ϕ
þ ∂Az

∂z
,

∇� A ¼ r̂
1

r

∂Az

∂ϕ
� ∂Aϕ

∂z

0@ 1Aþ ϕ̂
∂Ar

∂z
� ∂Az

∂r

0@ 1Aþ ẑ
1

r

∂ rAϕ

� �
∂r

� ∂Ar

∂ϕ

0@ 1A,

∇2U ¼ ∂2U

∂r2
þ 1

r

∂U
∂r

þ 1

r2
∂2U

∂ϕ2
þ ∂2U

∂z2
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# Springer International Publishing Switzerland 2015

1031



Spherical coordinates:

∇U ¼ R̂
∂U
∂R

þ θ̂
1

R

∂U
∂θ

þ ϕ̂
1

Rsinθ

∂U
∂ϕ

,

∇ � A ¼ 1

R2

∂
∂R

R2AR

� �þ 1

Rsinθ

∂
∂θ

Aθ sinθð Þ þ 1

Rsinθ

∂Aϕ

∂ϕ
,

∇� A ¼ R̂
1

Rsinθ

∂ Aϕ sinθ
� �

∂θ
� ∂Aθ

∂ϕ

0@ 1Aþ θ̂
1

R

1

sinθ

∂AR

∂ϕ
� ∂ RAϕ

� �
∂R

0@ 1Aþ ϕ̂
1

R

∂
�
RAθ

�
∂R

� ∂AR

∂θ

0@ 1A,

∇2U ¼ 1

R2

∂
∂R

R2 ∂U
∂R

0@ 1Aþ 1

R2 sinθ

∂
∂θ

sinθ
∂U
∂θ

0@ 1Aþ 1

R2 sin2θ

∂2U

∂ϕ2

The divergence theorem: Z
v

∇ � Að Þdv ¼
þ
s

A � ds

Stokes’s theorem: Z
s

∇� Að Þ � ds ¼
þ
L

A � dl

Some useful vector identities:

∇� ∇Uð Þ ¼ 0,

∇ � ∇� Að Þ ¼ 0,

∇2A ¼ ∇ ∇ � Að Þ �∇� ∇� Að Þ,
∇ UQð Þ ¼ U ∇Qð Þ þ Q ∇Uð Þ,

∇ � UAð Þ ¼ U ∇ � Að Þ þ ∇Uð Þ � A,

∇ � A� Bð Þ ¼ �A � ∇� Bð Þ þ ∇� Að Þ � B,
∇� UAð Þ ¼ U ∇� Að Þ þ ∇Uð Þ � A,

∇ � ∇U ¼ ∇2U,

∇2A ¼ x̂∇2Ax þ ŷ∇2Ay þ ẑ∇2Az

Some physical constants:

Charge of the electron (qe) �1:602129 � 10�19 C

Rest mass of the electron (me) 9:1093897� 10�31 kg

Speed of light in vacuum (c) 2:997992� 108 m=s

Permittivity of free space (ε0) 8:854187� 10�12 F=m

Permeability of free space (μ0) 4π � 10�7 H=m

Planck’s constant (h) 6:62620� 10�34 J � s

Intrinsic impedance in free space (η0) 376.7304 Ω
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Index

A
Airless sprayer, 490–491

alternator, 528

Ampere, Andre Marie, 86, 341, 383

Ampere’s force law, 485–488

Ampere’s law, 396, 400, 408, 417, 421, 422, 515, 617

ampere [A], unit of current, 341

experimental definition of, 488

amplitude modulation (AM), 641, 642

anechoic chamber, 713

angle of incidence, 666, 687, 688, 714

anodic reaction, 369

antenna, 935–992

aperture, 996

beamwidth, 951–952

dipole (see dipole antenna)
down cables, 741–742

gain, 954–955, 999

high gain, 994

horn, 937, 996

linear, of arbitrary length, 962–971, 999

loop, 960

monopole, 961, 962, 1000

parabolic, 712

patch, 996

properties of, 946–955, 1000

quasi-static solution, 942

radome, 711–712

receiving, 986–987, 1004

reflector, 996

resistance of, 947, 960, 988, 1003

antenna arrays, 973–985, 1004–1005

adaptive, 975

broadside, 978, 983

end-fire, 984

large baseline, 975

n-element, 982–985

phased, 974

two-element, 975–982

antenna radiation pattern, 949–952, 977

absolute field pattern, 949

in the E-plane, 950

of element antenna, 978

of receiving antenna, 987

H-plane, 950

main lobe, 982, 984

planar (rectangular), 949–951

power, 950, 982

relative (normalized) pattern

of arbitrarily long antenna, 1002

of electric dipole antenna, 959

of full wavelength antenna, 967

of half wavelength antenna, 965

of magnetic dipole antenna, 959

of quarter wavelength monopole antenna, 972

relative (normalized) field pattern, 949–951, 977

E-field of magnetic dipole, 959

electric dipole antenna, 949, 959

H-field of magnetic dipole, 959

of 1.5 λ wavelength antenna, 965

of arbitrarily long antenna, 999

of full wavelength antenna, 967

of half wavelength antenna, 965

of magnetic dipole antenna, 959–961

of quarter wavelength dipole antenna, 967

of quarter wavelength monopole antenna, 971–973

side lobe, 982, 984

index, 984

three-dimensional, 951

array factor, normalized, 977, 983, 1000

attenuation

below cutoff, 912–915, 929

in lossy dielectrics, 633–636, 652

in rectangular waveguide, 910–912, 933

in the atmosphere, 659

in waveguide, 910–915

attenuation constant, 630, 634, 655, 671, 679, 729, 737,

739, 778

due to wall losses in waveguide, 910–912, 929

for evanescent waves, 875

in conductors, 636–637

in low-loss dielectrics, 633–634

low-loss, TE, 878

low-loss, TEM, 878

low-loss, TM, 878

TE propagation, 874, 875

azimuthal angle, 28, 977

B
B(H) curve (see magnetization curve)

BAC–CAB rule, 19

back emf, 520

bandwidth (in waveguide), 906

battery, 363, 373–374

beamwidth, 951, 999

Bell, Alexander Graham, 370

binomial expansion, 110, 165, 430, 634

Biot, Jean-Baptiste, 386

Biot–Savart law, 386–395, 406, 417–421, 484, 939

boundary conditions, 233, 324–325

boundary value problems

analytic methods, 231–278

numerical methods, 289–337
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Brewster’s angle, 701–703, 715, 721

parallel polarization, 701–702, 715

perpendicular polarization, 702–703, 715

C
Cable

coaxial, 742

television (CATV), 742

capacitance, 186–203, 216

calculation of, 266

in CMOS devices, 310–311

of cables, 191–192

of electrode, 307–309

of infinite structures, 190–192

of overhead line, 266–267

of the globe, 189–190

of two conducting strips, 310

per unit length, 191, 226, 266, 731–732, 741, 841

shunt, 728

capacitive

fuel gauge, 195–196

loading on transmission lines, 854–859, 864

capacitor(s), 186

charging, 213

high voltage, 190

in parallel, 192

in series, 192

multilayer, 196–197

parallel plate, 188–189, 226, 300–301, 332

spherical, 226

two layer, 197

carrier frequency, 642

cathode ray tube, 126

cathodic protection, 369

cathodic reaction, 369

cavity resonator, 915–921, 928, 933

critically coupled, 924

detection of materials, 924

parallel plate, 934

characteristic impedance, 737, 740, 753, 766, 805

in parallel plate waveguide, 887

in transmission line, 737, 740–741, 805

charge, 96–98

bound, 170

distributions, 111–122

generation of, 128

induced, 167

induction of, 128

line distribution, 111

of electron, 96, 130, 1032

on electrode, 307–309

point, 96

surface distribution, 115–119

volume distribution, 119–122

charge density, 96–98, 217, 344

at surface of conductor, 167–168

in capacitor, 280

line, 96–97

nonuniform, 97, 98, 280, 291

surface, 97, 179, 577

time-dependent, 356

uniform, 97, 280

volume, 97, 173

charged layer, 147

charging

by friction, 128, 214

of conductors, 129

of nonconductors, 129

circulation, 47

of vector field, 48–49, 76–82

total, 82

clamping ampere meter, 540

coercive field intensity, 446, 495

communication

in fiber optic cables, 659

in seawater, 660, 661

in the atmosphere, 658

underwater, 660

with satellites, 636, 712

with spacecraft, 650

with submarines, 638–639

complex permittivity, 628

complex plane, 584

computer programs, 290

conductance

per unit length, 728, 732–735

shunt, 728

conduction

current density, 345–347

microphone, 370, 372

conductivity, 166, 345, 376–379

measurement of, 377

of insulators, 345

of metals, 373, 551

of semiconductors, 346

tables of, 346

conductor(s), 166–170, 222, 340–347

bimetal, 380

perfect, 166, 215, 368, 451

poor, 368

conservation of charge, 340, 355, 381,

566, 567, 937

constitutive relations, 572

for current density, 345–347, 574

for electric flux density, 570

for magnetic flux density, 385, 571

contact potential, 363

continuity equation, 355–359, 374, 571, 591

contour integral, closed, 47, 48

convergence of solution, 298

coordinates system, 2, 4, 23–40, 43

Cartesian, 4, 24–27

cylindrical, 27–32

orthogonal, 24

rectangular, 3

right-handed, 4, 24

spherical, 32–34

coordinates transformation

Cartesian to cylindrical, 28, 29, 63, 72

Cartesian to spherical, 34, 66, 72

cylindrical to Cartesian, 28

cylindrical to spherical, 34–38, 72

spherical to Cartesian, 32

spherical to cylindrical, 34

core memory, 457–458

corona, 127

cosine formula, 12–13

Coulomb

force, 385

gauge, 575, 576

torsional balance, 124
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Coulomb, Charles Augustine de, 96, 98

coulomb [C], unit of charge, 96, 99

Coulomb–Lorentz force equation, 480

Coulomb’s gauge, 575

Coulomb’s law, 95–137, 129, 207–208

coupled charge device (CCD), 334

coupling coefficient, 538

critical angle, 703, 705

critically coupled cavity, 924

cross product (see vector product)
Curie temperature, 447, 494, 497

curl, 76, 92

associative property, 80

definition of, 77

distributive property, 80

in Cartesian coordinates, 79

in cylindrical coordinates, 80

in spherical coordinates, 80

of a vector field, 76–82

of the electric field intensity, 141

current, 333

conduction, 339, 345–347, 374–376, 590

convection, 340–344, 374, 375

definition of, 355

induced, 523, 542, 544–545, 551

in photovoltaic tube, 343–344

sources of, 362–363

steady, 339, 356

surface, 365, 451, 729

transformer, 540–541

transient, 358

current density, 339, 341, 374, 397

as a field, 360–364

at surface of perfect conductor, 452

conduction, 345–347

convection, 340–344

equivalent, 441

in a fuse, 349–351

surface, 365, 449–452, 579, 593, 729

time-dependent, 356

current wave

backward propagating, 738, 752, 855

forward propagating, 737, 752, 855

cutoff frequency

in parallel plate waveguide, 884

in rectangular waveguide, 899, 906

lossless, TE, 878

TE propagation, 874

TEM, 878

TEM propagation in parallel plate waveguide, 894

TM propagation, 878

cutoff wavelength

in parallel plate waveguide, 884

TE propagation, 874

TM in rectangular waveguide, 899

cutoff wave number, 874, 917

in parallel plate waveguide, 885

TE propagation, 874

TM in rectangular waveguide, 899

D
Deep space network, 996

degenerate mode, 906, 908, 921

del (nabla) operator, 60

in Cartesian coordinates, 60

in cylindrical coordinates, 64

in spherical coordinates, 66

demagnetization, 446

demagnetizing field, 446

Descartes, Rene, 24

diamagnetic materials, 443–444, 498

table of, 444

dielectric, 170, 173, 215, 340–347

coatings, 610–611

constant, 99

losses in waveguide, 910

lossy, 340–347, 368, 628–633

materials, 166, 170

perfect, 170, 368, 628

strength, 176–179, 215, 224

waveguide, 923

window, 711, 723

dielectric breakdown, 177–178

in air, 214

in microcircuits, 336

in printed circuits, 337

in semiconductors, 177–178

on power lines, 225

differential of length

in Cartesian coordinates, 24

in cylindrical coordinates, 28

in spherical coordinates, 32

differential of surface

in Cartesian coordinates, 24

in cylindrical coordinates, 28

in spherical coordinates, 32

differential of volume

in Cartesian coordinates, 24

in cylindrical coordinates, 28

in spherical coordinates, 32

dipole antenna, 937–946

full wavelength, 967

half wavelength, 965–966, 969, 978, 1002–1003

Hertzian, 937, 943–944, 946, 949, 953, 961, 966,

989, 1001–1002

table of properties, 959

magnetic, 955–959, 1001

table of properties, 959

of arbitrary length, 962

short, 947–948

three halves wavelength, 967

directional derivative, 58, 59

directivity, 953–954, 989, 999

of arbitrarily long antenna, 964

of electric dipole antenna, 959

of half wavelength antenna, 966

of Hertzian dipole antenna, 953

of magnetic dipole antenna, 959

of quarter wavelength monopole antenna, 972

of receiving antenna, 990, 993

of transmitting antenna, 990, 993

Dirichlet boundary condition, 295, 324, 328

discontinuities in waveguides, 893–894

discretization, 321

dispersion, 641–645, 655, 662–663

anomalous, 643

in optical fibers, 924

in the atmosphere, 644

normal, 643

relation, 643

dispersive medium, 643
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displacement, 566, 599

current, 566, 568–569, 589–590

density, 566–568, 589–590

in a capacitor, 568–569, 592

divergence, 57, 67–73, 91

definition of, 68

in Cartesian coordinates, 69–71

in cylindrical coordinates, 72–73

in spherical coordinates, 72–73

of a vector field, 67–73

of current density, 357, 567

of the electric field intensity, 140

of the magnetic flux density, 405

of the magnetic vector potential, 575

divergence theorem, 73–75, 92, 140, 172, 203, 356, 617

domain wall, 445

dominant mode, 906

dot convention, 537

dot product (see scalar product)
drift velocity, 345–347

E
Eddy currents, 542–563

levitation, 552

testing of materials, 549

Edison, Thomas Alva, 370

effective aperture, 987–992

of small loop antenna, 990–991

effective area, 988

effective length, 987

vector, 987

electric

charge, 96

field intensity, 103–105

field lines, 106–109

gun, 212

ignition, 178–179

motor, 493

electrical length, 738, 759

electrical welding, 370

electric dipole, 109–111, 165, 170, 431, 937–946

moment, 110, 170, 431, 938

electric energy

stored, 617, 618, 942

in cavity resonator, 922

electric energy density, stored, time-averaged, 626

electric field, 95–137

at surface of conductor, 167–170

due to line charge density, 113–114, 134

due to surface charge density, 116–117, 135, 136, 147

due to volume charge density, 119, 136, 143, 150

inside conductor, 167

lines of, 106–109, 360

normal component, 167

of point charges, 105–111, 132

of power lines, 145–147

superposition of, 105–106

tangential component, 164

time-dependent, 339, 516

electric field intensity, 103–122, 130

calculation from potential, 160–162, 220

far field of antenna, 942–946

in capacitor, 168, 336

incident, 666, 669, 693

in coaxial line, 219, 281

in layered materials, 123–124

near field of antenna, 941–942

near field of loop antenna, 958

obtained from potential, 242

of antenna, 941

of arbitrarily long antenna, 962

of half wavelength dipole antenna, 965

of loop antenna, 957

of point charges, 104, 107

reflected, 666, 668, 677

time-dependent, 356

transmitted, 667, 668, 693

units of, 104

electric flux density, 122–124, 130, 137, 143, 173–177

in layered materials, 123

units of, 122

electric length, 738

electric potential (see potential)
electric scalar potential, 232, 573

electric susceptibility, 174

electrocardiography (ECG), 372

electrokinetic momentum, 405

electromagnetic

field, 565–566

power density, 617–625

propulsion of ships and submarines, 550

radiation, 935–1009

exposure, 718

safety, 657, 935–936

shielding, 662

spectrum, 615–616, 935

wave equation, 600–610

wave propagation, 597–663

in free space, 607–615

in perfect dielectrics, 607–615

in water, 609–610

electrometer, 131

electromotive force, 363, 373, 475, 516, 551–552

induced in loop antenna, 990

motional, 519–524, 528, 554–555

transformer action, 516, 524–526, 528, 554–555

electron gun, 126

electron volt [e �V], unit of energy, 200
electrostatic

bed, 212

clamping, 212

cleaner, 125–126

deflection, 126

discharge (ESD), 177, 210

energy, 204, 213, 465

energy density, 204

energy stored in a capacitor, 200, 466

extrusion, 126–127

field, 95, 139–142, 216, 232, 515

field of antenna, 942

force, 102–103, 125, 135, 385

gun, 125

headphones, 208

lens, 127

levitation, 133

pistol, 212

precipitator, 125, 276–278, 288

sandpaper production, 211–212

scrubber, 125

separator, 125

shield, 209
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speaker, 208–209

spinning, 126–127

spraying, 125

emf (see electromotive force)

energy, 465–475

density, 55, 227, 472–473, 654

dissipated, 617

due to distributed charges, 201, 204–205

in a cloud, 202–203

in a gap, 488–491

in a system of point charges, 201–202, 205–206

in the electrostatic field, 197–209, 216, 228–229

relations in cavity resonator, 922

stored, 55, 320

in a capacitor, 200, 226

in an inductor, 466, 468, 553

in the magnetic field, 465–475, 499

per unit length, 205, 226

equipotential surface, 240

error criterion, 299

evanescent wave, 875, 912

explicit method of solution, 295, 298

F
Farad [F], unit of capacitance, 99, 187

Faraday, Michael, 442, 515, 516

Faraday’s cage, 210

Faraday’s disk, 547

Faraday’s law, 515–563, 614

in differential form, 518

in integral form, 518

far field

of Hertzian dipole, 941–945

of magnetic dipole, 958–959

ferrimagnetic materials, 447

ferrites, 447, 495

ferromagnetic materials, 444–447, 494, 498

table of, 444

field

conservative, 47, 85, 232

curl-free, 86

definition of, 21

divergence-free, 86

electrostatic, 197–209

irrotational, 86, 87, 360, 573

nonconservative, 47, 50, 85, 405

nonrestoring, 47

nonsolenoidal, 87

of force, 46, 384

restoring, 47

solenoidal, 87, 360, 405, 573

time-harmonic, 583

field point, 113, 386

finite difference

approximation, 291–294

backward difference formula, 292

central difference formula, 292

first-order derivatives, 292–293

forward difference formula, 292

grid, 295, 296

second-order derivatives, 292–294

finite difference method, 291–304, 330

for 1D Poisson’s equation, 300

for 2D Poisson’s equation, 294, 302–303

for 3D Laplace’s equation, 294, 295, 303–304

finite element, 317–320, 335–337

approximation, 317

compatibility condition, 317

mesh, 317, 321, 323

node, 317, 335

one-dimensional, 335

quadrilateral, 336

triangular, 317–318

finite element method, 316–331

calculation of electric field, 319

calculation of potential, 319

elemental matrix, 323

energy function, 321, 322

for Laplace’s equation, 321

for Poisson’s equation, 321

global matrix, 323

implementation, 320–330

minimization process, 321–323

flux, 52, 68, 409, 416

conservation of, 405

due to square loop, 411–413

leakage, 479, 499, 537–538

lines, 401

linkage, 454, 466

through a loop, 402

through closed surface, 403

force, 98–99, 206–209, 510–512

between overhead transmission lines, 485–486

centrifugal, 102

density, 482, 523

distribution, 46

due to point charges, 107

due to surface charge density, 118–119

field, 46

gravitational, 130

in a magnetic circuit, 490–491

in a uniform magnetic field, 492

in the electrostatic field, 102–103, 106, 135, 206–209, 228

in the geomagnetic field, 484–485

in the magnetic field, 480–491

lines, 106

measurement of, 371

Foucault, Jean Bernard Leon, 542

Foucault currents, 542

Fourier, Baptist Joseph, 45

Fourier series, 271, 274

Franklin, Benjamin, 96, 231

Fraunhofer zone, 941

frequency

measurement in cavity resonator, 925

modulation (FM), 616, 641

Fresnel zone, 941

Friis transmission formula, 990, 994

G
Gain

of antenna, 954

of half wavelength antenna, 965

Galvani, Luigi Alosio, 153

Gauss, Johann Carl Friedrich, 139, 143

Gaussian elimination, 297, 325

Gaussian surface, 144, 159, 214, 732

Gauss–Seidel method, 297

Gauss’s law, 139–229, 731

superposition of solutions, 148, 217
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generator

AC, 525, 527, 531

acyclic (homopolar), 547, 559

DC, 519–524

linear, 522–523

geomagnetic (terrestrial) magnetic field, 384, 415,

494, 496

Gibbs, Josiah Willard, 1, 71

Gilbert, William, 428

Gradient, 57–67, 91, 163

definition of, 58

in Cartesian coordinates, 60

in cylindrical coordinates, 63–66

in spherical coordinates, 66–67, 165

of electric potential, 240

of scalar field, 57–67

ground electrode, 379

group velocity, 641–642, 655, 662–663

guided waves, 688, 880

guiding direction, 882

H
Hematite, 415, 427

Hamilton, William Rohan, 13

harmonic functions, 275

head-to-tail method, 7

Heaviside, Oliver, 1, 405, 566, 745

Helmholtz, Hermann Ludwig Ferdinand von, 87

Helmholtz equation, 605, 629, 873

for electric flux density, 856

for magnetic flux density, 856

for magnetic vector potential, 856

Helmholtz theorem, 85–88, 93–94, 360, 403, 405, 573

Henry, Joseph, 249, 442

henry [H], unit of inductance, 442, 454

Hertz, Heinrich Rudolph, 567, 602, 996

Hertz electric potential, 656

high-loss materials, 631

homogeneity, 177, 572

hysteresis curve (see magnetization curve)

I
Impedance

normalized, 794, 797

load, 809

on Smith chart, 797

impedance matching, 536, 793–831

λ/2 dielectric section, 708

λ/4 dielectric section, 708

conditions for, 821

conjugate, 754

double stub, 806, 811, 816

input, 756

in transmission lines, 755

network, 805

parallel stub, 807–809

quarter wavelength transformer, 821–825, 831

series stub, 809, 829

single stub, 806–811, 829

stub, 806

using the Smith chart, 805

implicit method of solution, 295

index of refraction, 182, 694, 924

induced

charge, 167

electromotive force (emf), 519, 527

inductance, 453–465, 498, 502–507

between wire and loop (mutual), 458

between wire and toroidal coil (mutual), 457–458

external, 462–465, 499, 505

external per unit length, 464, 731

in multiple coils (mutual), 459–461

in multiple coils (self), 459–461

internal, 462–465, 499, 505

internal per unit length, 462, 731

mutual, 454, 460, 466, 498, 502, 536

of long solenoid (self), 461–462

of toroidal coil (self), 456–457

per unit length, 461–462, 731, 834

of coaxial cable, 462–463

self, 454, 466, 498, 502, 536

series, 729

series connection, 467, 469–470

total (per unit length), 464, 474–475

induction, 515–563

heating, 544

of charge, 128

surface hardening, 544

inductive

zone, 941

loading on transmission line, 856–858, 864

inductor, 453–465

initial conditions on transmission lines, 859–862, 864

insulator, 166, 346

perfect, 628

interface conditions, 179–186, 225–226, 241, 364–368, 375,

448–453, 498, 577–583, 589, 592–594

between dielectric and conductor, 183, 185

between two dielectrics, 179–182

for current density, 364–368, 375, 394

for general electric field, 578–579, 582–583

for general magnetic field, 579–583, 589

for static electric field, 179–186, 215, 364

for static magnetic field, 448–453, 498, 501,

582–583

for the electric field, 578–579

for the electric flux density, 180

for the electromagnetic field, 577–583, 589

for the polarization vector, 225–226

in layered dielectrics, 225

in poor conductors, 368

tables of, 183, 450, 577, 580

intrinsic impedance, 611, 614, 631, 653, 655, 667, 679, 873, 946

in free space, 611, 653

in good conductor, 636, 679

phase angle of, 636

ion

beam, 127

etching, 127

milling, 127

implantation, 127

lithography, 127

propulsion, 213

thruster, 213, 381

isotropic antenna (source), 651, 953

isotropy, 176, 572

iteration procedure, 299

J
Joule [J], unit of energy, 200

Joule’s law, 351–355, 370–372, 374, 379, 617, 622

in differential (point) form, 352

in integral form, 352
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K
Kelvin, Lord, 239

Kirchhoff’s

current law, 355–359

for magnetic circuits, 480

laws, 355–359, 365, 535, 735, 739

voltage law, 364, 465, 535

for magnetic circuits, 480

L
Laplace, Pierre Simon, 233

Laplace operator (see Laplacian)
Laplace’s equation, 233, 268–278, 280, 414

2D, finite difference approximation, 292, 302

3D, finite difference approximation, 303

direct integration of, 233, 280

in Cartesian coordinates, 268

in cylindrical coordinates, 275

in three dimensions, 269

solution to, 291

Laplacian, 88

2D, finite difference approximation, 293

3D, finite difference approximation, 294

in Cartesian coordinates, 89

in cylindrical coordinates, 88

in spherical coordinates, 88

vector, 89

laser printer, 128

law of sines, 41

Lenz, Emil Khristianovich, 518

Lenz’s law, 518, 533, 545, 552–554

L’Hospital rule, 983

lightning, 177, 211

on Jupiter, 212

protection, 210, 398

linearity, 176–177, 572

line impedance, 755–758, 768, 779, 786

mismatch, 785, 865

input, 756, 821

line integral, 46, 50

lodestone, 427

Lodge, Sir Oliver Joseph, 870

London relation, 651

longitudinal component

in cavity resonator, 921

in parallel plate waveguide, 890

TE in rectangular waveguide, 905

TM, in parallel plate waveguide, 891

TM in rectangular waveguide, 898

loop integral (see line integral)
Lorentz, Hendrik Antoon, 385

Lorentz–Coulomb force, 385

Lorentz force, 385, 401, 587

force equation, 385, 481, 572

Lorenz gauge (condition), 575, 591

losses

in conductors, 542

in dielectrics, 631, 633, 655

in rectangular waveguide, 910, 928, 932

loss tangent, 629

M
Magellan spacecraft, 995

magnet (see permanent magnet)

magnetic

bearing, 448

brake, 545–547, 551

circuit, 475–480, 499, 507–510, 531

damper, 546

disks, 495

domain, 444

fluids, 448

force, 371, 385, 417, 480–481, 483, 485, 490–491, 554

density, 482, 523

levitation, 554

moment, 955

monopole, 404

needle, 494

particle testing, 495–496

path, 476, 531, 538

pole, 404, 405, 425

properties of materials, 427, 434–442

prospecting, 415

recording, 495, 498

reluctance, 476, 479

retarder, 546

saturation, 447

seals, 448

shielding, 496–497

of MRI equipment, 496–497

surveying, 415

susceptibility, 441

tapes, 448, 495

magnetic dipole, 429–432, 435, 500–501, 955–961

moment, 431, 432, 435, 436, 498

in atom, 432

of square loop, 432–434

magnetic energy

stored, 465, 473–474, 617, 618, 942

in cavity resonator, 922

in inductor, 466

in magnetic field, 466

magnetic energy density, stored, time-averaged,

626, 627

magnetic field

lines of, 385, 401

of distributed currents, 393

of ground plane, 395

of overhead transmission line, 396

static, 383–426

time-dependent, 515

magnetic field intensity, 384–386

due to infinite sheet, 398

due to long, thick line, 397

due to loop, 389–391

due to short wire, 388–389

due to thin wire, 396

far field of antenna, 942–943

incident, 668, 693

in coaxial line, 423

in long solenoid, 400, 416, 423

in toroidal coil, 398–399

near field of antenna, 941–942

near field of loop antenna, 958

of antenna, 940

of arbitrarily long antenna, 962

of half wavelength antenna, 965

of loop antenna, 956, 957

reflected, 666, 668, 693

transmitted, 667, 668, 693
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magnetic flux, 401–403, 410, 418, 425, 450, 475

linkage, 518

time-dependent, 516

magnetic flux density, 384–386, 401–403, 439–442, 450

due to conductors, 421

due to power lines, 421

in loop, 420, 544

of electromagnet, 384–386, 439–442

of long magnet, 438–439

magnetic materials, 427–500

hard, 447, 498

table of, 447

soft, 447, 498

table of, 447

magnetic permeability (see permeability)

magnetic resonance imaging (MRI), 416, 496–497

magnetic scalar potential, 413–415, 425–426, 574, 576

of a magnet, 414–415

magnetic susceptibility, 441

magnetic vector potential, 405–410, 418, 471, 574–575, 591, 602, 938

due to short segment, 410–411, 424

of loop, 424, 429

of loop antenna, 960–961

retarded, 939

magnetite, 415, 427, 496

magnetization, 434–442, 444, 478, 494, 498, 500–501

surface current density, 437, 498

volume current density, 437, 498

magnetization curve, 445, 446, 495

initial, 445

magnetohydrodynamic (MHD)

channel, 551

generator, 551, 562–563

pump, 551

magnetometer, 415, 494

magnetomotive force, 475, 479

magneto-optic recording, 494

magnetostatic

energy in terms of fields, 470–475

field, 515

magnetostrictive

material, 651

material constant, 652

magnetotactic bacteria, 496

magnetron, 619, 711

maximum directivity, 953, 999

of electric dipole antenna, 959, 989

of half wavelength antenna, 965–966, 972, 989

of Hertzian dipole antenna, 954, 989

of magnetic dipole antenna, 959

of quarter wavelength monopole antenna, 972

material properties, 169

maximum effective aperture (area)

of half wavelength dipole, 989

of Hertzian dipole antenna, 989

of loop antenna, 990

Maxwell, James Clerk, 405, 725

Maxwell–Lorentz equations, 572

Maxwell’s equations, 565–589, 597

differential form, 567–570

integral form, 570–573

tables of, 572, 586, 587

time-dependent, source free form, 587, 604

time-harmonic form, 583–586, 594–595

time-harmonic, source free form, 587, 589

method of images, 233, 238–267, 279

analogy, 239

calculation of capacitance, 266

charged line(s) over a plane, 249–251, 254

in curved geometries, 258–262, 285–286

in planar geometries, 239–258, 281–282

multiple planes and charges, 244–247, 255, 283–285

overhead transmission line, 239–242

point and line charges, 239–249

point charge inside conducting box, 257–258

point charge inside conducting hollow sphere,

262–264, 286

point charge outside conducting sphere, 261–262

underground cable, 264–266

method of moments, 304–316, 330, 334–335, 996

hand computation, 311–316

calculation of capacitance, 307, 310, 334

methods of solution

analytic, 231–288

for second-order PDEs, 233

numerical, 289–337

microstrip line, 782, 786

microwave

absorbing materials, 714

antennas for therapy, 997

applicators, 997

cooking, 683–684, 711, 714

freeze drying, 711

hyperthermia treatment, 997

mapping, 712

oven, 616, 619, 711

radiation exposure, 657–658

radiation of tumors, 997

reflector, 712

remote sensing, 712

testing of materials, 960–961

Millikan’s experiment, 134

mode

dominant, 894

index, 912

of propagation, 871, 885

separation (in waveguide), 906

TE, in parallel plane waveguide, 885

TM, in rectangular waveguide, 896–912

monopole antenna, 971–973, 1004

quarter wavelength, 972

motor

acyclic (homopolar), 547–548

effect, 520

linear, 523–524

N
Nabla operator, 60

near field, 941–942, 999

of Hertzian dipole, 941

of magnetic dipole, 958

neper, 630

Neumann boundary condition, 324, 328

newton [N], unit of force, 99

Newton’s third law, 100, 484

nondestructive testing, 369, 495, 542

eddy currents, 549–550

microwave method, 960–961

of materials (electrostatic), 211

null identities (see vector null identities)
numerical methods, 289–332
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O
Oersted, Hans Christian, 383, 417

Ohm, Georg Simon, 347

Ohm’s law, 340, 346–351, 732

optical

index of refraction, 182, 924

resonator, 924

waveguide, 705, 911, 923–925, 932

optical fiber, 704, 870, 924

connector, 670–672

magnetometer, 651–652

multimode, graded index, 924

single-mode, 924

P
Parallelogram rule, 7

parallel polarization, 685, 715, 720

paramagnetic materials, 443, 498

table of, 444

permanent magnet, 383, 386, 404, 417, 427,

447, 478–479, 497

levitation, 554

permeability, 400, 442, 476

of free space, 386

relative, 442

tables of, 444

permittivity, 99, 130, 173–177

complex, 628

of free space, 99, 130, 1032

relative, 175, 215

table of, 175

units of, 99

perpendicular polarization, 685, 715, 720–721

phase constant, 630, 671, 679, 729, 737, 741, 778

guide, 912

in parallel plate waveguide, 885

in conductors, 634

in guide direction, 882

in low-loss dielectric, 634

in transverse direction, 882

lossless, TE, 873, 878

lossless, TEM, 878

lossless, TM, 878

low-loss, TE, 878

low-loss, TEM, 878

low-loss, TM, 878

TM, in parallel plate waveguide, 889–891

phased array, 974

phase velocity, 602, 608, 631, 653, 741–742, 834, 873

guide

in parallel plate waveguide, 885

TM in rectangular waveguide, 899

in conductor, 636

in free space, 609, 653

in guide direction, 882

in low-loss dielectrics, 634

in space, 939

in transverse direction, 882

TE propagation, 878

TEM propagation, 878

TM propagation, 878

phasors, 583–586, 589, 594–595, 607

exponential form, 584–585

polar form, 584–585

rectangular form, 584–585

photoconductor, 128

photon energy, 935

Pioneer 10, 565, 650, 996

Planck constant, 935

plane of incidence, 685, 714, 880, 889

plane wave, 606–607, 612, 633–634, 636–637, 656, 688, 873

in conductors, 636–637

in low-loss dielectrics, 633–634

monochromatic, 641

uniform, 606–607, 653, 658

Pliny (Caius Plinius Secundus), 428

Poisson, Simeon Denis, 232

Poisson’s equation, 232, 278

direct integration of, 233–238, 279

for electrostatic field, 232

in Cartesian coordinates, 232

in cylindrical coordinates, 232

in spherical coordinates, 232

in three dimensions, 294

in two dimensions, 302

solution to, 300–304

two-dimensional, finite difference approximation,

294, 302

vector form, 407

polarization, 170–173, 215

circular, 645–650, 656

elliptical, 645–650, 656

linear, 646, 648, 656

losses, 629

of charges, 170, 171, 173, 224, 628

of plane waves, 645–650, 652, 655, 715

surface charge density, 172, 176

vector, 171, 174, 176, 215

in coaxial cable, 175–176

volume charge density, 172, 176

polarized materials, 170

polarizing angle, 702

position vector, 38–40, 43–44

postulates, 139–142, 360, 403–405, 418, 515

for current density, 360–361

for electric and magnetic fields, 515

for the electrostatic field, 139–142, 214, 232

for the magnetostatic field, 403–405, 418

potential (electric), 139–229, 240, 348

absolute, 153

difference, 153

distribution in coaxial line, 237–238, 281

drop method of nondestructive testing, 369

due to distributed charges, 157–163, 220–222, 332

due to point charges, 154–157, 220–222

in capacitor, 188, 197, 234–235, 281, 333, 336

in conducting box, 270–272

induced (see electromotive force)

in infinite channel, 333

in underground cable, 337

of a dipole, 164–165

potential energy, 48, 153, 198, 321, 489

potential function, 405–415, 573–576, 591–592

time-dependent, 573–576, 588

power, 351–355

dissipated in a fuse, 349–350

dissipated in lightning strike, 354–355

dissipation, 351–355, 379–381

flow, 618

flow into a conductor, 680

instantaneous, 620

Index 1041



power (cont.)
lines, repair of, 210

loss, 910

on transmission line, 768–771, 781

reactive, 626

real, 626

received, 990

scattered, 993

time-averaged, 620, 625, 882

power density, 374, 617, 620, 626, 653

at receiving antenna, 987

dissipated, 352–353

electric, 617

in a fuse, 352–353

in cavity resonator, 922, 928

in far field of magnetic dipole antenna, 959

in parallel plate waveguide, 887

in semiconductors, 353–354

in sinusoidal fields, 625–633

instantaneous, 699

in the far field of antenna, 946

in waveguide, 906

magnetic, 617

of electric dipole antenna, 959

of half wavelength antenna, 965

of magnetic dipole antenna, 959

time-averaged, 620, 622–625, 683, 887–891, 900, 922, 946,

949, 987

Poynting, John Henry, 618

Poynting theorem, 617–625, 653, 873, 881, 911

complex, 625–627

receiver case, 618, 626, 654

transmitter case, 619, 626, 654

Poynting vector, 617–625, 642–643, 653, 667, 749

complex, 625–627, 699

for transmitted wave, 680

instantaneous, 699

time-averaged, 620, 624, 643, 684, 881

for TE waves in parallel plate waveguide, 881

for TM waves in parallel plate waveguide, 891

of arbitrarily long antenna, 963

Priestley, Joseph, 98

propagation constant, 629, 634, 655, 667, 737, 778, 871

for general TE propagation, 873

in lossy medium, 636, 873

lossless, TE, 878

lossless, TEM, 878

lossless, TM, 878

low-loss, TE, 878

low-loss, TEM, 878

low-loss, TM, 878

TM, in parallel plate waveguide, 890

TM in rectangular waveguide, 898

propagation of plane waves

in conductors, 636–640, 660–662

in lossy dielectrics, 628–633, 652, 658

in low-loss dielectrics, 633–636, 658

in water, 652

of narrow pulses on distortionless transmission

lines, 838–841

of narrow pulses on lossless transmission lines, 834–838, 865

Q
Quadrupole, 132

quality factor, 922–923, 928

quasi-static field equations, 587

R
Radar, 616, 659, 992–996, 1009

absorbing materials, 713

a-static, 993

automobile, 997

autonomous landing, 997

bi-static, 993

collision avoidance, 997

Doppler, 995, 997

ground-penetrating, 995

look down, 995

sensing of the environment, 673–675

space-born, 995

synthetic aperture (SAR), 995

radar cross section, 993, 994

reduced, 995

radar equation, 994

radiated power, 946

of arbitrarily long antenna, 964

of electric dipole antenna, 916, 959

of half wavelength antenna, 965

of magnetic dipole antenna, 959–961

of quarter wavelength monopole antenna, 972

radiation, 935

ionizing, 936

non-ionizing, 936

quantum of, 935

radiation efficiency, 954–955, 999

of electric dipole antenna, 959

of magnetic dipole antenna, 959–961

radiation field, 942

radiation intensity, 953, 999

average, 953, 999

of electric dipole antenna, 959

of magnetic dipole antenna, 959–961

of electric dipole antenna, 959

of magnetic dipole antenna, 959–961

radiation pattern (see antenna radiation pattern)

radiation resistance, 947–948

of arbitrarily long antenna, 964

of electric dipole antenna, 959, 1003

of half wavelength antenna, 965

of half wavelength monopole antenna, 972

of magnetic dipole antenna, 959–961

of receiving antenna, 988

radio tagging of animals, 996, 997

radio telescope, 974, 996–997

radome, 665, 675, 709–712

rail launcher (rail gun), 548–549

Rayleigh, Lord, 125, 870

reciprocity, 986–987, 1007–1008

reciprocity theorem, 986

rectangular waveguide, 895–915, 931–933

reflection

angle, 665, 714

at air-conductor interface, normal incidence, 672–675, 718

at air-lossless dielectric interface, normal incidence, 675–676

at air-lossy dielectric interface, normal incidence, 672–675

at general dielectric interface, normal incidence, 666–672, 717–718

by the ionosphere, 688–689

for lossless dielectric slab, normal incidence, 708, 722–723

for lossless dielectric slab backed by a conductor,

normal incidence, 710, 723

for lossy dielectric slab, normal incidence, 706, 722–723

from discontinuities, 850–854, 867

in layered materials, normal incidence, 706–711, 715, 722–723

oblique incidence, 685–692
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oblique incidence on conducting interface

parallel polarization, 690–692, 715

perpendicular polarization, 685–690, 715

oblique incidence on dielectric interface

parallel polarization, 696–700, 715

perpendicular polarization, 692–695, 715

of plane waves, 665–723

reflection coefficient, 667, 668, 834

at conductor interface, 679

complex plane, 794

generalized, 755, 757, 759, 779, 794

load, 753–755, 757, 779

of dielectric slab, 707

parallel polarization, 697, 701

perpendicular polarization, 694, 697

phase angle of, 754, 798

polar form, 794

rectangular form, 794

reflection diagram, 844, 863

reflectometry, 680–681

frequency domain, 775

time domain, 840–841, 862, 864, 868

refraction

angle, 665, 692

of electric field intensity, 182

of magnetic field, 451

relaxation, 358–359

relaxation time, 359

reluctance, 531, 539

reluctivity, 476

remnant magnetic flux density, 446, 447, 495

remote sensing, 659, 712, 995–996

resistance, 345, 348, 372–373, 376–379

AC, in conductors, 639–640

contact, 379

ground, 379

in parallel, 350–351, 380–381

in series, 350–351, 380–381

normalized, 794

of fuse, 349–350

of layered conductors, 376

per unit length, 728–730

series, 728

surface, 729, 730, 922

resistive

microphone, 372–373

position sensor, 350–351

resistivity, 348, 476

resistor, 369

resonant

cavity (see cavity resonator)

frequencies, 919, 921

modes, 919, 921

resonant circuit

parallel, 772

series, 773

transmission line, 771–777, 781, 791

right-hand rule

for magnetic field, 385, 485

for normal to a surface, 26

for vector product, 14

Rowland, Henry A., 419

S
Saturation point, 445

Savart, Felix, 386

scalar

components, 3, 34, 59

electric potential, 153

static quantity, 2

triple product, 19

scalar field, 2, 21–22, 43, 64

graphing of, 22–23

time-dependent, 21

scalar potential, 294, 574

scalar product, 1, 10–13, 18–21, 41–42

commutative property, 11

distributive property, 11

scatterer, 993

scattering

cross section, 993, 994

of waves, 712–713

tropospheric, 712, 713

second-order operators, 88–89

sensors

magnetic, 417

temperature, 373, 377

transmission lines, 792

separation of variables, 233, 268–279, 896

in 2D box, 270–272, 287

in 3D box, 272–274, 288

in Cartesian coordinates, 268–274

in cylindrical coordinates, 275–278, 288

shape function, 318

derivatives of, 318–319

shielded enclosure, 637–638

shielding

in electrostatic field, 209–210

of transmission, 652

structures, 652

Siemens, Werner von, 345

siemens [S], unit of conductance, 345

siemens/meter [S/m], unit of conductivity, 345

simple material, 177

SI units, 5

skin depth, 636, 638–640, 655, 660, 679,

683, 684, 913

slotline, 923

Smith chart, 793–831

admittance point, 797, 803

as admittance chart, 803

as impedance chart, 809

impedance point, 797

open circuit point, 796, 826

short circuit point, 797, 826

Snell’s law, 687, 703

solar wind, 340, 375

source point, 113, 386

speed of light, 567, 608, 609, 641

spot welding, 370, 371

standing wave, 670, 677, 715, 805, 883

complete, 678, 760

incomplete, 678

nodes of, 883

pattern, 678, 719

ratio (SWR), 678, 760, 779, 798, 799, 822, 828

steady current, 339–382

sources of, 362–363

steady-state solution

current on transmission lines, 842

voltage on transmission lines, 842

stealth aircraft, 713

steradian, 952
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Stokes, Sir George Gabriel, 83

Stokes’ theorem, 83–85, 92–93, 403, 409, 471, 517

stored energy, time-averaged, 626, 627, 643

strain gauge, 371

stream lines, 360

stripline, 893, 929

stud sensor, 235–237

superconducting

magnetic energy storage (SMES), 468–469

materials, 443

power line, 747–748

power transmission, 651

superparamagnetic materials, 447

superposition of solutions, 148, 217–218, 271, 424

surface integral, 45, 50–54, 90

closed, 52–54

open, 54

switching power supply, 194, 213

system of coordinates (see coordinate systems)

system of equations, 297

T
Taylor series expansion, 69, 78

telephone circuit, 370

TE modes

in cavity resonator, 915–921, 928

in parallel plate waveguide, 880–889, 929–931

in rectangular waveguide, 903–910, 931–933, 927

TEM waves, 611, 870–872, 926

in parallel plate waveguide, 894, 929–391

table of properties, 878

TE propagation

condition for, 874

in parallel plate waveguide, 880–889, 929–931, 926

TE waves, 872–873, 926

in cavity resonator, 916–919

table of properties, 878

Tesla, Nicola, 401

tesla [T], unit of magnetic flux density, 386

Thales of Miletus, 96, 427, 428

time constant, 358

TM modes

in cavity resonator, 916–919, 928

in rectangular waveguide, 896–903, 931–933, 927

TM propagation

in microstrip waveguide, 891–893

in parallel plate waveguide, 889–894, 929–931, 926

TM waves, 873–877, 926

in cavity resonator, 916–919

table of properties, 878

torque, 491–494, 500, 512–513

on an electron, 493–494

on loop, 512

on magnetic dipole, 512–513

on square coil, 493

total differential, 58, 59

total reflection, 703–705, 714, 721–722

internal, 923

transformer, 494–495, 524–526, 534–541, 552, 554, 560–561, 821–822

air core, 534

current, 540–541, 560

high-frequency, 539–540

ideal, 534–536, 560

impedance matching, 534

losses, 534, 553, 560

power, 534, 560

ratio, 535

real

finite permeability, 536–537

finite permeability and flux leakage, 537–538

toroidal, 538–539

transformer action emf, 516, 524–526

transients on transmission lines, 833–868

due to triangular pulses, 848–850

finite-length pulses, 847–850, 866–867

long pulses, 841–847, 866

with reactive loading, 854–859

transmission

angle, 665, 714

at air-conductor interface, normal incidence, 676–684, 718

at air-lossless dielectric interface, normal incidence, 675–676

at air-lossy dielectric interface, normal incidence, 672–675

at an interface, oblique incidence, 685–692

at general dielectric interface, normal incidence, 666–684,

717–718

for lossless dielectric slab, normal incidence, 708, 722–723

for lossy dielectric slab, normal incidence, 706, 722–723

in layered materials, normal incidence, 706–711, 722

oblique incidence on conducting interface

parallel polarization, 690–692

perpendicular polarization, 685–690

oblique incidence on dielectric interface

parallel polarization, 696–700

perpendicular polarization, 692–695

of plane waves, 665–723

of power into solar cells, 717

transmission coefficient, 668, 835

at conductor interface, 679

of dielectric slab, 708

parallel polarization, 697, 701–702

perpendicular polarization, 694, 702–703

transmission line, 148–150, 397, 725–792

capacitively loaded, 854–856, 867

circuits, 793

coaxial, 728, 733, 781, 782

distortionless, 740, 744–746, 783, 838–841

equations, 735–740, 778

finite, 751–768, 785–786

general, 740, 779

high-voltage DC (HVDC), 860–862

inductively loaded, 856–859, 867

infinitely long, 740

initially charged, 859, 868

long, 742–744, 782–783

lossless, 740–742, 758, 765–766, 779

resistively loaded, 766–768, 780

terminated, 758–763

lossy, 742

low-loss, 742

low-resistance, 746–748, 784

matched, 763, 780

method of oil recovery, 776

open, 765–766, 780

parallel plate, 728, 733, 750–751

parameters, 728–735, 778, 781–782

distributed, 728

lumped, 728

table of, 733

power relations, 768–771, 781, 790–791

properties, 799, 828, 862

resonant, 771–777, 781, 791
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sensors, 792

shorted, 764, 780

simulated, 777, 862

time-domain equations, 739

two-wire, 733–734

transverse component, 871

in cavity resonator, 918, 919

in parallel plate waveguide, 887, 890

TE in rectangular waveguide, 903

TE propagation, 873

TM, in parallel plate waveguide, 890

TM in rectangular waveguide, 901, 903

transverse electric wave (TE), 870, 873–877

transverse electromagnetic propagation (TEM), 728

transverse electromagnetic wave (TEM), 611,

870–873, 878

transverse magnetic (TM) wave, 870, 877–880, 890

twisted pair, 415–416, 728

two-element array, 975–982

U
Uniqueness theorem, 234, 238

unit vector, 2–4

transformation of, 29

V
Vector, 1, 40

addition, 1, 6–9, 40

algebra, 1–40

calculus, 1, 45–90

component, 2–4

direction of, 2–4

identities, 89–90, 93–94

Laplacian, 408

length of, 4, 31, 35

in Cartesian coordinates, 4

in cylindrical coordinates, 31

in spherical coordinates, 32–34

magnitude of, 2–4

null identities, 85–86

Poisson equation, 408

product, 1, 10–21, 41–42

quantity, 1

subtraction, 6–9, 40

triple product, 19

vector field, 1, 22–24, 43, 46, 600

circulation of, 76–81

classification of, 85–90

graphing of, 23–24

nonsolenoidal, 87

irrotational, 87

rotational, 87

rotational, 87

solenoidal

irrotational, 87

rotational, 87

static, 22

vector integral, 55

vector potential, 574–576

current, 576

electric, 576

vector product, 13–21

associative property, 14

commutative property, 14

cyclic property, 15

distributive property, 14

vector scaling, 1, 10, 41

associative property, 10

commutative property, 10

distributive property, 10

vector sum, 6–10, 40

associative property, 8

commutative property, 8

distributive property, 8, 10

of electric fields, 105

vector transformation

Cartesian to cylindrical, 30

Cartesian to spherical, 34

cylindrical to Cartesian, 30

cylindrical to spherical, 34

spherical to Cartesian, 32

spherical to cylindrical, 34

velocity, 51, 519

of energy transport, 608, 641–643

of free electrons, 347

phase (see phase velocity)
vector, 5

virtual displacement, 206, 488

virtual work, 206–207, 488–489, 500

volt [V], unit of potential, 153

Volta, Alessandro Giuseppe Antonio

Anastasio, 153, 363

voltage (see also potential)

drop, 364

induced in receiving antenna, 988

voltage wave

backward-propagating, 738, 752, 856

forward-propagating, 737, 752, 834, 856

voltaic cell, 369

Volta pile, 363

volume integral, 45, 54–56, 90–91

Voyager 1, 212

W
Wall losses, 910, 928

watt [W], unit of power, 352

watt-hour meter, 548

wave, 597–600

backward-propagating, 607, 667, 752, 769, 835, 843,

871, 918

in rectangular waveguide, 896–901

earthquake, 597, 598

elastic, 598

equation, 736, 778

forward-propagating, 600, 607, 706, 748, 752, 769, 835,

843, 871, 918

in rectangular waveguide, 896–901

left-circularly polarized, 648

left-elliptically polarized, 647

light, 598

linearly polarized, 648

monochromatic, 641

nonmonochromatic, 641

nonpropagating, 670

propagation in lossy dielectrics, 628–633

propagation in materials, 628–645

retarded, 939

right-circularly polarized, 648

right-elliptically polarized, 647, 649

sound, 598

transmitted, 667
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wave equation, 939

D’Alembert solution to, 599

electromagnetic, 602–615

for current, 737, 778

for longitudinal component of H, 874
for voltage, 737, 778

homogeneous, 602

for A, 602

for H, 603

for V, 602
lossy, source-free, 628

nonhomogeneous, 602

for A, 602

for H, 603

for V, 602
scalar, 599

solution of, 606, 778

source-free, 602, 605, 656, 748

lossless, 605

time-dependent, 604, 656

time-harmonic, 602, 604–606

source-free

lossless (for B), 606

lossless (for H), 605

lossless (for V), 606
waveguide, 869–929

as high-pass .filter, 915

below cutoff, 915

cylindrical, 915

elliptical, 915

integrated circuit, 891

parallel plate, 880–889

rectangular, 895–915

wave impedance, 602, 611, 631, 873

in conductor, 660

in parallel plate waveguide, 887

TE, in rectangular waveguide, 905

TEM propagation, 878

TE propagation, 877, 878, 888

TM in parallel plate waveguide, 891

TM in rectangular waveguide, 899

TM propagation, 877, 878

wavelength, 609, 631, 653, 738, 741

guide

in parallel plate waveguide, 885

TM in rectangular waveguide, 899

in low-loss dielectrics, 633–634

TEM propagation, 878

TE propagation, 875, 878

TM, in parallel plate waveguide, 890

TM propagation, 878

wavemeter, 925

wave number, 609, 653

free space, 609, 653

Weiss, Pierre, 444

work, 47, 152, 198, 206–207, 222, 228, 488–489

X
Xerography, 127–128
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