CHAPTER 31: Maxwell’s Equations and Electromagnetic Waves

Responses to Questions

10.

1.

12.

The magnetic field will be clockwise in both cases. In the first case, the electric field is away from

E
dt
away from you and the corresponding magnetic field is clockwise. In the second case, the electric
field is directed towards you and is decreasing; the displacement current is still away from you, and
the magnetic field is still clockwise.

you and is increasing. The direction of the displacement current (proportional to ) is therefore

The displacement current is to the right.

The displacement current is spread out over a larger area than the conduction current. Thus, the
displacement current produces a less intense field at any given point.

E

dt

One possible reason the term ¢, can be called a “current” is because it has units of amperes.

The magnetic field vector will oscillate up and down, perpendicular to the direction of propagation
and to the electric field vector.

No. Sound is a longitudinal mechanical wave. It requires the presence of a medium; electromagnetic
waves do not require a medium.

EM waves are self-propagating and can travel through a perfect vacuum. Sound waves are
mechanical waves which require a medium, and therefore cannot travel through a perfect vacuum.

No. Electromagnetic waves travel at a very large but finite speed. When you flip on a light switch, it
takes a very small amount of time for the electrical signal to travel along the wires.

The wavelengths of radio and television signals are longer than those of visible light.
The wavelength of the current is 5000 km; the house is only 200 km away. The phase of the current
at the position of the house is 27/25 radians different from the phase at the source due to the position

of the house.

The signals travel through the wires at close to the speed of light, so the length of the wires in a
normal room will have an insignificant effect.

10° km: radio wave; 1 km: radio wave; 1 m: microwave; 1 cm: microwave; 1 mm: microwave or
infrared; 1 um: infrared.

Yes, although the wavelengths for radio waves will be much longer than for sound waves, since the
radio waves travel at the speed of light.
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14.

15.

16.

17.

18.

Both cordless phones and cellular phones are radio receivers and transmitters. When you speak, the
phone converts the sound waves into electrical signals which are amplified, modulated, and
transmitted. The receiver picks up the EM waves and converts them back into sound. Cordless
phones and cell phones use different frequency ranges and different intensities.

Yes. If one signal is sent by amplitude modulation and the other signal is sent by frequency
modulation, both could be carried over the same carrier frequency. There are other ways two signals
can be sent on the same carrier frequency which are more complex.

The receiver’s antenna should also be vertical for the best reception.

Diffraction is significant when the order of magnitude of the wavelength of the waves is the same as
the size of the obstacles. AM waves have longer wavelengths than FM waves and will be more
likely to diffract around hills and other landscape barriers.

It is amplitude modulated, or AM. The person flashing the light on and off is changing the amplitude
of the light (“on” is maximum amplitude and “off” is zero). The frequency of the carrier wave is just
the frequency of the visible light, approximately 10'* to 10" Hz.

Solutions to Problems

V
The electric field between the plates is given by E = 7 where d is the distance between the plates.

V dE 1dV 1 \Y
E=— > —=——-=|—— (120V/s)=1.1><105ﬂ
d dt d dt 0.0011m s
. : : . dE
The displacement current is shown in section 31-1 to be 7, = 50A7~
t
dE -12 ~2 2 2 6 v -8
I, =50A7:(8.85><10 C*/N-m*)(0.058m)’| 2.0x10 =16.0x10°A
t mes

The current in the wires must also be the displacement current in the capacitor. Use the

displacement current to find the rate at which the electric field is changing.
2.8A
1D=goAd—E S E_ L (284) > =[12x10" — v
dt dt 54 (8.85x10"°C?/N-m’)(0.0160m) mes

The current in the wires is the rate at which charge is accumulating on the plates and also is the
displacement current in the capacitor. Because the location in question is outside the capacitor, use
the expression for the magnetic field of a long wire.

ol (,uo jzz (107Tem/A)2(38.0 x 10°A)
" 27R \4r (0.100m)
After the capacitor is fully charged, all currents will be zero, so the magnetic field will be

=(7.60 x10°T
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(]

V
The electric field between the plates is given by E = ;, where d is the distance between the plates.

dE

The displacement current is shown in section 31-1 to be 7, = g,A—.

(a)

(b)

(©)

(a)

dt

dE 1dV  eAdd av
=A% gt _addr | dV
dr ddi d dr | _dt

0

The footnote on page 816 indicates that Kirchhoff’s junction rule is valid at a capacitor plate,
and so the conduction current is the same value as the displacement current. Thus the

maximum conduction current is [35uA]|.

The charge on the pages is given by Q = CV = C¢ coswt. The current is the derivative of this.

d
1 =d—Q=—a)C%0 sinwt ; I =0Cé —
t
g = Lme I (35x10°A)(1.6x10"m)

oC 21fe,d 27(76.0Hz)(8.85x10™ C/N-m*) 7 (0.025m)’

=6749V = [6700V

dd
From Eq. 31-3, I =¢ £
a P g
dd dd 1 35x10°A
I=¢—£ - ( Ej _Un) e —[40%10° Vem/s
dt dt ) &, 8.85x10™” C*/N-m

We follow the development and geometry given in Example 31-1, using R for the radial
Vv
distance. The electric field between the plates is given by E = 7 where d is the distance

between the plates.
- d® d (7R} E)
@B'dﬂ = IUOSOTE d B(zﬂRpath) = ﬂogoT
The subscripts are used on the radial variable because there might not be electric field flux
through the entire area bounded by the amperian path. The electric field between the plates is
VoV, sin(27 fi
givenby £ =—=-"——""2 sin (27 1)
d d
d(zR; E
B(Z;ermh) = 1€, w -
dt
R, d(E R;. 2 R;
B — /'10807[ flux ( ) — lLlOé‘Oﬂ: flux ﬂm COS(27Z-ﬁ) — ILIO(C"O flux ﬂfI/O COS(27Z'ﬁ)
2R dt 2R

path path path

We see that the functional form of the magnetic field is |B = B, (R)cos (27z ﬁ) .

, where d is the distance between the plates.
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(b) If R<R,, then there is electric flux throughout the area bounded by the amperian loop, and so
R =R =R

path flu:
2

B (R<r) =R 2V TS ﬁ(fOHz)Q(ISOV) .

R d d (3.00x10°m/s) (5.0x10"m)

=(6.283x10"' T/m) R ~|(6.3x10™" T/m) R

If R > R,, then there is electric flux only out a radial distance of R,. Thus R , =R and

Ry, = R,
2
B(R>R)= HoE R 71V, _ e, zfVRy 1 _ 7(60 Hz)(lSOY)(0.03O m) 1
R, d d R (3.00x10°m/s) (5.0x10"m) R
-14 1 -14 1
=(5.655x10™"*Tem)—~|(5.7x10™ Tom ) —
R R
(c¢) See the adjacent graph. Note that the 20
magnetic field is continuous at the
transition from “inside” to “outside” the 151
capacitor radius. The spreadsheet used o
for this problem can be found on the & 1.0
Media Manager, with filename a T~
“PSE4 ISM_CH31.XLS,” on tab 0.5 I
“Problem 31.7¢.”
0.0 : :
0.0 2.0 4.0 6.0 8.0 10.
r (cm)

8. UseEq.31-11 with v=c.

E E, 057x107
bes g, = Fo OSTXI0"V/m 1Py

A ¢ 3.00x10°m/s

9. UseEq.31-11 with v=c.

%:c — E,=B,c=(12.5x10"T)(3.00x10° m/s) =3.75V/m

0

10. The frequency of the two fields must be the same: [{80.0kHz|. The rms strength of the electric field

can be found from Eq. 31-11 with v =c.

E,. =cB,, =(3.00x10°m/s)(7.75 x 10°T) =

The electric field is perpendicular to both the direction of travel and the magnetic field, so the
electric field oscillates along the | horizontal north-south line|

11. (a) If we write the argument of the cosine function as kz + @t = k(z + cf), we see that the wave is

traveling in the , or .
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(b) E and B are perpendicular to each other and to the direction of propagation. At the origin, the
electric field is pointing in the posmve x direction. Since ExB must point in the negative z

direction, B must point in the the , or H The magnitude of the magnetic field is

found from Eq. 31-11 as B, = .

2 2
12. The wave equation to be considered is v 0 lj = 0 E.

(a) Given E(x,t)= Aot

OE —a(x—v )2
nge ' [—2a(x—vt)]
aZE —a(x—vt) zz x—vt) —a(x-v)
pa Ao~ (—2a)+4e ") I: —2a(x— vt):l =2qde ™ [1 —2a(x—vt)2]
°F = e *) [ —2a(x- vt :| Ae™ [2av(x —vt)]
8[
2 5 ) 2
%tz = Ae (—205\/2 ) + Ae~ ™) |:2av(x - vt):l2 =-2av* 4e [1 -2a (x - vt)z}
2 2
We see that v* 0 f = %Tf, and so the wave equation is satisfied.
x
(b) Given E(x,1)=Ae ™™,
% _ Ae_(M2_Vt) (—2ax)
ox
2 2 2 _27‘}
‘fo = 4 (2a)+ 4e 1 (2ax) = 2ade T [1-204 ]
2 2 2
a_E — Ave*(ax *Vt) ; a f — sze*(ax *V[)
ot ot

2 2 Z—V - ax2—v .
This does NOT satisfy v’ g f = 86_}25’ since —2av2Ae_(ax ) [1 - 2ax2] = Av'e (o) n
X t

general.

Use Eq. 31-14 to find the frequency of the microwave.

8
G
. X m

c=Af —> f=

<
A

14. Use Eq. 31-14 to find the wavelength and frequency.
(3.000 x 10° my/s)

C
£ (2575x10°Hz)

8
(b) c:j,f N f:%:(:;OOXlOI;D/S):

(0.12 x 10 m)

=(1.165x 10 m

(a) c=Af - A=
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15.

16.

17.

18.

20.

Use the relationship that d = vt to find the time.

11
d_ (150x10 m)) ~5.00 x 10%s =

d=vt > t=—= :
v (3.00x10'm/s

Use Eq. 31-14 to find the wavelength.

B e (3.00x10°mys) —
A= /1_7_(8.56><10'4Hz)__311nm

This wavelength is just outside the violet end of the visible region, so it is | ultraviolet.

(a) Use Eq. 31-14 to find the wavelength.
¢ (3.00x10°m/s) -
c=Af > A=—= =13.00 x 10°m
! f (1.00 x10°Hz)
(b) Again use Eq. 31-14, with the speed of sound in place of the speed of light.

v (341m/s)
v=Af > Al=—=7/—"—"—"""—=[034Im
/ [ (1.00x10°Hz)
(o) @, you cannot hear a 1000-Hz EM wave. It takes a pressure wave to excite the auditory
system. However, if you applied the 1000-Hz EM wave to a speaker, you could hear the 1000-
Hz pressure wave.

The length of the pulse is Ad = cA¢. Use this to find the number of wavelengths in a pulse.
(cAt) (300 x10°m/s)(38 x 107°s)
A (1062 x 107 m)

If the pulse is to be only one wavelength long, then its time duration is the period of the wave, which
is the reciprocal of the wavelength.

1A (1062 x 10’9m) B —
= f e (3.00><108rn/s)_

=10734 =~ (11,000 wavelengths

(a) The radio waves travel at the speed of light, and so Ad = vAs. The distance is found from the
radii of the orbits. For Mars when nearest the Earth, the radii should be subtracted.

227.9 x 10°m — 149.6 x 10°m
.| PO
¢ (3.000 x 10° m/s)
(b) For Mars when farthest from Earth, the radii should be subtracted.
Ad (2279 x10°m +149.6 x 10°m)

A= (3.000 x 10" ms) B

At

(a) The general form of a plane wave is given in Eq. 31-7. For this wave, £_=E, sin(kz - a)t).

2= o 2T g 60m=[82m]

k  0.077m"

7
f=2ﬁ=%rad/sz3.66lxloész 3.7MHz

V4 /4

Note that Af =(81.60m)(3.661x10°Hz)=2.987x10"m/s ~c.
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(b) The magnitude of the magnetic field is given by B, = E,/c. The wave is traveling in the
k direction, and so the magnetic field must be in the i direction, since the direction of travel is

given by the direction of E x B.
E 22
0=—°=L/8m=7.50x10’7T -
¢ 3.00x10°m/s

B=|j(7.50x107T)sin| (0.077m™)z~(2.3x10" rad/s)t |

21. The eight-sided mirror would have to rotate 1/8 of a revolution for the succeeding mirror to be in
position to reflect the light in the proper direction. During this time the light must travel to the
opposite mirror and back.

1 d)(3.00 x 10°
S A0 _ H(27zrad) _ (7rad)c _ (7ra )( x m/s) : (3,2><104 rev/min)

At (2Ax/c)  8Ax 8(35x10'm)

22. The average energy transferred across unit area per unit time is the average magnitude of the
Poynting vector, and is given by Eq. 31-19a.

§ =1,cE; =4(8.85x10™7 C*/Nem®)(3.00x10" m/s)(0.0265 V/m) =|9.32x 107 W/m’|

23. The energy per unit area per unit time is given by the magnitude of the Poynting vector. Let AU
represent the energy that crosses area 4 in a time AT

2
S: CBrms :ﬂ
H, AAt
47 x 10" Tom/A)(335]
A= HAY (4~ m/A)(335)) =0.194W/m’

AeB., (1.00x10*m*)(3.00 x 10" m/s)(22.5 x 10 T)’

:z321 days

24. The energy per unit area per unit time is given by the magnitude of the Poynting vector. Let AU
represent the energy that crosses area 4 in a time At.

A
S = chErzms = _U
AAt
—AU = cgoEfmsA
At

=(3.00 x 10° m/s)(8.85x10"* C*/N-m”)(0.0328 V/m)" (1.00 x 10~*m’ ) (3600s/h)

=[1.03x10°J/h

The intensity is the power per unit area, and also is the time averaged value of the Poynting vector.
The area is the surface area of a sphere, since the wave is spreading spherically.

§=£=(15LW)2]=4.775W/m2 ~[48W/m’]

4 |47(5.0m)

ce,

. S 4.775W/m’ B
5= iy 2 = _\/(3.00><108m/s)(8.85><1012C2/N-m2)_
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26. (a) We find E using Eq. 31-11 with v=c.

E=cB=(3.00x10°m/s)(2.5x107T) =

(b) The average power per unit area is given by the Poynting vector, from Eq. 31-19a.

-7
o BB, _ (75V/m)(2.5x107T) :

(24) [2(475 x 107 Nes?/C? )]

27. From Eq. 31-16b, the instantaneous energy density is u = g,E>. From Eq. 31-17, we see that this
instantaneous energy density is also given by S/c. The time-averaged value is therefore S, / c.
Multiply that times the volume to get the energy.

ra 2
Usupy =Sy = M(I.O()m}) =[4.50x10°]

¢ 3.00x10°m/s

28. The power output per unit area is the intensity, and also is the magnitude of the Poynting vector. Use
Eq. 31-19a with rms values.

ms

S=£=c¢90E2 -
A

£ :\/ P _ 0.0158W

™ N desy [ 2(1.00x107m)’ (3.00 x 10 m/s)(8.85x 1072 C2/N -m?)
=1376.3V/m ~[1380V/m|

BrmszErmS_ 1376.3V/m :

¢ 3.00x10°m/s

29. The radiation from the Sun has the same intensity in all directions, so the rate at which it reaches the
Earth is the rate at which it passes through a sphere centered at the Sun with a radius equal to the

Earth’s orbit radius. The 1350 W/ m” is the intensity, or the magnitude of the Poynting vector.

s =§ > P=SA=47R*S=47(1496 x 10" m) (1350W/m?) =[3.80 x 10° W]

30. (a) The energy emitted in each pulse is the power output of the laser times the time duration of the
pulse.

pA AW = PAt=(1.8x10"W)(1.0 x 10'9s)=

At
(b) We find the rms electric field from the intensity, which is the power per unit area. That is also
the magnitude of the Poynting vector. Use Eq. 31-19a with rms values.
s-L_ cg,EL, —
A

ms

(1.8x10“W)

[P

E — —

™\ dez, \z(22x107m) (3.00 x 10° m/s)(8.85x 1072 C*/N-m?)
=12.1x10" V/m
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31, In each case, the required area is the power requirement of the device divided by 10% of the intensity

of the sunlight.
-3
(a) :5:—50“0 V;]=5><10_4m2= S5cm’
I 100W/m

A typical calculator is about 17 ¢cm x 8 ¢cm, which is about 140cm®. So , the solar panel can

be mounted directly on the calculator.
B 4=L= POV 5 oom
I 100W/m
A house of floor area 1000ft> would have on the order of 100m” of roof area. So , a solar
panel on the roof should be able to power the hair dryer.
4 P_ 20hp(746W/hp)
I 100W/m’

This would require a square panel of side length about 12 m. So @, this panel could not be
mounted on a car and used for real-time power.

(&)

(to one sig. fig.)

(©)

=149m’ ~|100m’ | (to one sig. fig.)

32. (a) Example 31-1 refers back to Example 21-13 and
Figure 21-31. In that figure, and the figure included
here, the electric field between the plates is to the right.
The magnetic field is shown as counterclockwise
circles. Take any point between the capacitor plates,
and find the direction of ExB. For instance, at the
top of the circle shown in Figure 31-4, E is toward the
viewer, and Bis to the left. The cross product ExB
points down, directly to the line connecting the center
of the plates. Or take the rightmost point on the circle.
E is again toward the viewer, and B is upwards. The cross product E x B points to the left,
again directly to the line connecting the center of the plates. In cylindrical coordinates,
E=FEkand B=B@. The cross product k x ¢ = —F.

(b) We evaluate the Poynting vector, and then integrate it over the curved cylindrical surface

— d—

~
~

between the capacitor plates. The magnetic field (from Example 31-1) is B =+ y,&,7; cf]—E,
t

LEXE =%80r0Ed—E,
Hy dt

inward. In calculating _U SedA for energy flow into the capacitor volume, note that both S and

evaluated at r =r,. E and B are perpendicular to each other, so S =

dA point inward, and that S is constant over the curved surface of the cylindrical volume.
S T dE dE
SedA = || SdA=S||dA=SA=S2zrd =LenE—2rrd = g drr] E—
[ = []sa= ] = e 2 = i £
The amount of energy stored in the capacitor is the energy density times the volume of the

capacitor. The energy density is given by Eq. 24-6, u =1¢,E’, and the energy stored is the

energy density times the volume of the capacitor. Take the derivative of the energy stored with
respect to time.

U=u(Volume)=1e,E*zryd — auv _ gOEzzrozdd—E
dt dt
We see that ”. SedA = d—U
dt
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33. (a) The intensity from a point source is inversely proportional to the distance from the source.

2

rStar» 2
o By =n, [ = (1496x107m) 1350 W/m 2( Iy j
Iy Tow Barh o\ Tgar 1x10> W/m* { 9.46x10"m

Earth
=1.84x10°ly = [2x10°ly

(b) Compare this distance to the galactic size.

N 1.84x10%ly
galactic size  1x10°ly
The distance to the star is about 2000 times the size of our galaxy.

=1840 ~|2000

34. We assume the light energy is all absorbed, and so use Eq. 31-21a.
T5W

2
3 47(8.0x10”m)
T (3.00x10°m/s)

The force is pressure times area. We approximate the area of a fingertip to be 1.0 cm”.

F =PA=(3.108x10°N/m?)(1.0x10™m?) =

=3.108x10°N/m* ~[3.1x10° N/m’ |

35. The acceleration of the cylindrical particle will be the force on it (due to radiation pressure) divided
by its mass. The light is delivering electromagnetic energy to an area A at a rate of

dU
a;—lt] =1.0W. That power is related to the average magnitude of the Poynting vector by § = %

From Eq. 31-21a, that causes a pressure on the particle of P = E, and the force due to that pressure
c

is F|., = PA. Combine these relationships with Newton’s second law to calculate the acceleration.
The mass of the particle is its volume times the density of water.
F =PA= £A = 14U =ma = py, wrra —>
‘ c c dt :
1.OW
a=_dujdr__ (LOW) =[8x10°m/s?

P’ (3.00x10° m/s)(1000kg/m? )z (5x10 " m)

36. (a) The light is delivering electromagnetic energy to an area A of the suit at a rate of CZ—U =3.0W.
t

That power is related to the average magnitude of the Poynting vector by S = dUA/dt. From

. 28 '
Eq. 31-21b, that causes a pressure on the suit of P = —S, and the force due to that pressure is
c

= PA. Combine these relationships to calculate the force.

¢ cd 3.00x10°m/s

F

laser
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(b) Use Newton’s law of universal gravitation, Eq. 6-1, to estimate the gravitational force. We take
the 20 m distance as having 2 significant figures.

1.03x10°kg)(120k
Fia ZGM;S“M:(6.67XIO“N-m2/ng)( * g)g g)
' (20m)

=2.061x10°N ~[2.1x10°N]

(o) |The gravity force is larger, by a factor of approximately 100.|

The intensity from a point source is inversely proportional to the distance from the source.

7 1. \2
S (7.78x10""m)
Earth __Jupiter

= i _ ~=27.0
Ligier  Tom. (1.496x10“m)
E

arth

So it would take an area of at Jupiter to collect the same radiation as a 1.0-m” solar panel at
the Earth.

38. Use Eq. 31-14. Note that the higher frequencies have the shorter wavelengths.
(a) For FM radio we have the following.

c (3-00 x 10° m/s) (3.00 x 10 m/s)

_c_ _ e )
;t_f (1.08 x 10" Hz) 278m]t0 4 / (88x107H)

(b) For AM radio we have the following.
(3.00 x 10° m/s) (3.00 x 10° m/s)

_<_ _ - _ -
f (1.7><10(’Hz) tO/l f (5.35><105Hz)

39. Use Eq. 31-14.
(3.00 x 10" m/s)

_c_ _
ﬂ_f (1.9 x 10°Hz)

S 2 2 . .
40. The resonant frequency of an LC circuit is given by f = % _ 2% We assume the inductance is
o ~LC

constant, and form the ratio of the two frequencies.

2
T 2 2
LC
AZZ—IZ (o - C, = S C = S50kHz (2200pF) =|260pF
1, 7 C, f 1610kHz
VLC,
w 1

41. The resonant frequency of an LC circuit is given by f =— Solve for the inductance.

27 22JIC

. 1 N
27JLC 4z’ f°C
1 1

=53x10°H

1

TATfIC 4 (88x10°Hz)" (620x107°F)
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| |
AT fIC 4 (108><10°Hz)2 (620x10°F)

=3.5x10°H

2

The range of inductances is |3.5 x10°"H<L<53x% 10’9H|

42. The rms electric field strength of the beam can be found from the Poynting vector.

S=£=cgoE2 -
A

rms

g - |2 _ 1.2x10*W :
™ A\ Ace, 7(750m)’ (3.00 x 10° m/s)(8.85x10"°C*/N-m*) =

The electric field is found from the desired voltage and the length of the antenna. Then use that
electric field to calculate the magnitude of the Poynting vector.

£ =V 100 10°V
™ d 1.60m

, 1.00 x 107V’
S=ce,EL =ce, I;ms _ (3'00 % 108 m/s)(8.85 X IO_IZCZ/N.mZ)W

6.25x107*V/m

rms 2

={1.04 %107 W/m?

44. We ignore the time for the sound to travel to the microphone. Find the difference between the time
for sound to travel to the balcony and for a radio wave to travel 3000 km.

AZZZ‘ ¢ z(dradioj_ dsound — 3)(10611’1 — Som :—0.14S
ragio ™ bouna =| T v ) 13.00x10°m/s | |343m/s ’

so the | person at the radio hears the voice 0.14 s sooner |

45. The length is found from the speed of light and the duration of the burst.

d =ct=(3.00 x 10" m/s)(10™%s) =

46. The time travel delay is the distance divided by the speed of radio waves (which is the speed of
light).

d 3x10°m
t=—=————=0.01s
¢ 3.00x10°m/s 0015

47. The time consists of the time for the radio signal to travel to Earth and the time for the sound to
travel from the loudspeaker. We use 343 m/s for the speed of sound.

d . d 3.84 x 10°m 25m -
f=t . 41 — radio + sound | _ + =|1.35s
radio sound ( j (V ] (300 X 108 m/SJ [3431’1‘1/5)

c sound
Note that about 5% of the time is for the sound wave.

48. (a) The rms value of the associated electric field is found from Eq. 24-6.

4x10™]/m
—lg 2 =g E E = % ~0.0672V/m ~[0.07V
uU=74 Eolms = rms \/8.85 % 10_12C2/N-m2 /m

€o
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(b) A comparable value can be found using the magnitude of the Poynting vector.
P

S =¢gcE =
© Adnr

2

o 1 7500 W
E,, 47z  0.0672V/m\[47(8.85x 107 C* /nem®)(3.00 x 10° m/s)

=7055m ~

The light has the same intensity in all directions, so use a spherical geometry centered on the source
to find the value of the Poynting vector. Then use Eq. 31-19a to find the magnitude of the electric
field, and Eq. 31-11 with v = ¢ to find the magnitude of the magnetic field.

s R_R_

A dxr

E,= |—fo - . (75W) ~33.53V/m
27r°cg,  \[27(2.00m) (3.00 x 10° m/s)(8.85 x 107*C* /n+m’ )
BN

g~ o B333VIm) _rnoey

"¢ (3.00x10°ms)

— 1 2
—7080E0 —>

50. The radiation from the Sun has the same intensity in all directions, so the rate at which energy passes
through a sphere centered at the Sun is P = S47R*. This rate must be the same at any distance from

the Sun. Use this fact to calculate the magnitude of the Poynting vector at Mars, and then use the
Poynting vector to calculate the rms magnitude of the electric field at Mars.

SMars (477’-R13/lars) = SEarth (47Z.Réarth ) - SMars = SEarth [ gmh J = CgOEr2ms -

Se [ R 1350 W/m? ( 1 )
E — Earth Earth | _ — 469V
o ce, [R j \/(3.00><logm/s)(8.85><10‘12C2/n-m2) 1.52

Mars Mars

51. The direction of the wave velocity is the direction of the cross product ExB. “South” crossed into
“west” gives the direction . The electric field is found from the Poynting vector, Eq. 31-
19a, and then the magnetic field is found from Eq. 31-11 with v =c.

—1 2
S=3cgEy —

s 2(560W/m2) ~ -

Fo = \/% - \/(3.00 x10°m/s)(8.85x102C? /nem®) 649V/m ~[650V/m|
CE, (649V/m) —

5o = cO ~(3.00 x 10" m/s) _

52. From the hint, we use Eq. 29-4, which says € = ¢ sinwt = NBAwsinwt. The intensity is given, and
this can be used to find the magnitude of the magnetic field.

< E.B B’ 14,5 . .
§ = ZmsPms - P B, = HoS ; €=9¢sinot = NBAwsinwt —
Hy Hy ¢
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€ = NdwB,, = Ndw,|*S

Tms
C

47 x 107 Nes?/C7)(1.0x107 W/m?)
3.00x10°m/s

(320)7(0.011m)’ 27[(810><103Hz)\/(

53. (a) Since intensity is energy per unit time per unit area, the energy is found by multiplying the
intensity times the area of the antenna times the elapsed time.

2
U=Ir=(1.0x10" W/mz)ﬁ(@j (6.0h)(3600s/h) =

() The electric field amplitude can be found from the intensity, which is the magnitude of the
Poynting vector. The magnitude of the magnetic field is then found from Eq. 31-11 with v =c.

I =LtegcEl —
27 _\/ 2(1.0x107° W/m?)
Al

8.85x1077C* /Nem?)(3.00x10° m/s)

~[8.7x10°V/m

E, 8.679x10°V/m _
¢ 3.00x10°m/s

E, = =8.679x10°V/m

&,C

29x10°MT

54. Use the relationship between average intensity (the magnitude of the Poynting vector) and electric
field strength, as given by Eq. 31-19a. Also use the fact that intensity is power per unit area. We
assume that the power is spherically symmetric about source.

- P P
S=LlegcE}=—=
2 600 A 4Arrt
r= |—F - ____ D00W —=61,200m
276,cE, 27(8.85x 1077 C* /N+m?})(3.00x10" m/s)(0.020 V/m)
~|61km

Thus, to receive the transmission one should be within 61 km of the station.

The light has the same intensity in all directions. Use a spherical geometry centered at the source
with the definition of the Poynting vector.

s=fio b _yepiote LlE o 1 |E =t o (g = [Ah
A Arnr c i, c U, 4rr 2xr

56. (a) The radio waves have the same intensity in all directions. The power crossing a given area is
the intensity times the area. The intensity is the total power through the area of a sphere
centered at the source.

p==Tto 4o 35000W -(1.0m?) =2.785x10"°W = [2.8mW]|

A 47z(1.0><103m)
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(b) We find the rms value of the electric field from the intensity, which is the magnitude of the
Poynting vector.
S= chEfmS = 5 > =
4rr

. :\/ B _ 35,000 W
™ \N4mrtes, \4z(1.0x10°m)’ (300 x 10° m/s)(8.85 x 1072C /Nem?)

=1.024V/m ~[1.0V/m]

(c) The voltage over the length of the antenna is the electric field times the length of the antenna.

Vo = Eid =(1.024V/m)(1.0m) =

(d) We calculate the electric field at the new distance, and then calculate the voltage.

. :\/ B _ 35,000W
™ N4mrtes, \4z(5.0x10°m) (3.00 x 10° m/s)(8.85 x 1072C /Nem?)

=2.048x107V/m ; V, =E, d=(2.048x10"V/m}(1.0m)=|2.0x10"V

57. The power output of the antenna would be the intensity at a given distance from the antenna, times
the area of a sphere surrounding the antenna. The intensity is the magnitude of the Poynting vector.

S=1Lce,E;
P=4rr"S =2rr’cg,Ey =27(0.50m)’ (3.00 x 10° m/s)(8.85 x 107°C? /Nem® ) (3x10° V/m)2

~[4x10"°W

This is many orders of magnitude higher than the power output of commercial radio stations, which
are no higher than the 10’s of kilowatts.

58. We calculate the speed of light in water according to the relationship given.

1 1 1 1 1
Ve = = =——c= 3.00x10°m/s)=[2.25x10"m/s
“ JKeuy, NK Jeu, NK O NLTT ( )

1

—C
Vosr _NK L 950 _[7529%
c c JK

59. A standing wave has a node every half-wavelength, including the endpoints. For this wave, the
nodes would occur at the spacing calculated here.

c ,3.00x10°m/s
ii=i—=1"_"""" =10.0612m
2T f 2 245x10°Hz
Thus there would be nodes at the following distances from a wall:

0,6.12 cm, 12.2 cm, 18.4 cm, 24.5 cm, 30.6 cm, and 36.7 cm (approximately the other wall).
So there are , not counting the ones at (or near) the walls.

60. (a) Assume that the wire is of length £ and cross-sectional area 4. There must be a voltage across
the ends of the wire to make the current flow (V = IR), and there must be an electric field

associated with that voltage (£ =¥/f). Use these relationships with the definition of
displacement current, Eq. 31-3.
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d(EA d(V/t d(IR
1D=€od®E=€o ( ): dE _ .y (/e _ 0AdV ap L (IR)
dt dt dt dt ¢ dt pl  dt
=g Rﬂ— ﬂ
PRV a |
(b) Calculate the displacement current found in part ().

I, = gop% = (8.85 X 10_12C2/N-m2)(1.68 % 10‘8Q.m)(&)

1.0x107%s
=1.4868x10"°A~[1.5x10"°A
¢) From example 28-6, Ampere’s law gives the magnetic field created by a cylinder of current as
p p g g yacy

1
B= ; O at a distance of » from the axis of the cylindrical wire. This is true whether the current
r

is displacement current or steady current.

47 x 107" Nes?/C*)(1.486x107"°A
g, —tudy, (AN CIIA6A0TA) oo i)

27 27z(1.0><10"3m)
By _ 2mr _ Ip _1A86XI07A 4 e 107 ~[1.5x10°
B steady H OIsteady I steady 1.OA
2xr

(a) We note that —ax® — ft* + 2afxt = —(ax — ,Bt)2 andso E, = Ee ™" —Ee ( “l]

the wave is of the form f (x—vz), with v= /a, the wave is moving in the .
(b) The speed of the wave is v= B/a =c, and so .

(c) The electric field is in the y direction, and the wave is moving in the x direction. Since ExB
must be in the direction of motion, the magnetic field must be in the z direction. The

magnitudes are related by ‘E‘ = ‘E‘ / c.

. Since

B - E, o)
¢

n _
62. (a) Usethe sin4AxsinB=2 sin( 4 ; B J cos [ 4 ;: BJ from page A-4 in Appendix A.

E =E, [sm(kx +sm(kx+a)t)]

_2E, sin (kx — wt)+ (ko + a)t))co{(kx - at) ; (hox + cot)) 25, sin (k) cos ()

=|2E, sm(kx)cos(a)t)

oy
Il

B, [[sin(kx— at) —sin(kx + at) |
:2BOSm£(kx—wf)—(kx+wt))co{(loc—wt)+

: 2(kx+a)l‘)}:2Bosin(_a)z)cos(kX)

=|-2B, cos(kx)sin(«t)
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(b) The Poynting vector is given by S = LE xB.
Hy
1 1 i j k
S=—ExB=—|0 2E,sin(kx)cos(or) 0
#o o 0 —2B, cos(kx)sin ()
1

i[ —4E,B, sin (kx)cos(kx)sin(at)cos(wt)]= —LEEOB0 sin (2kx)sin (2er)
Hy Ho

This is 0 for all times at positions where sin(2kx) = 0.

sin(2kx)=0 — 2kx=nz — xz%,nzO,il,iZ,...

63. (a) To show that Eand B are perpendicular, calculate their dot product.
E-B= [EO sin(kx — ot ) j+ E, cos (kx — wt)ﬁ]-[Bo cos (kx — wt)j— B, sin (kx — wt)ﬁ]
= E, sin(kx — ot ) B, cos (kx — wt ) — E, cos (kx — wt ) By sin (kx — wt) = 0
Since E\B=0, Eand B are perpendicular to each other at all times.
1

(b) The wave moves in the direction of the Poynting vector, which is given by S = —E x B.

Hy
k
ExB=—|0 E sin(kx—at) E,cos(kx—ot)

oo B,cos(kx—wt) —B,sin(kx—at)

[
Qi 0 >

| I ) A ~ 1 A
= —i[—EOB0 sin® (kx — ot ) — E, B, cos’ (kx — a)t)] +j(0)+k(0)=——E,Bi
Hy Ho
We see that the Poynting vector points in the negative x direction, and so the wave moves in the
negative x direction, which is perpendicular to both E and B.
(¢) We find the magnitude of the electric field vector and the magnetic field vector.

‘E‘ =E= ([EO sin (kx — a)t)]2 +[ E, cos (kx — a)t)]z)”2
= [E(f sin® (kx — wt ) + E; cos” (kx — a)t)]”2 —E,

_ 1/2
‘B‘ =B= ([BO cos (kx — a)t)]2 + [Bo sin (x — a)t)]z)
= [B(f cos’ (kx — t)+ By sin® (kx — a)l,‘)]l/2 =B,

(d) Atx=0and7=0, E= Eoﬁ and B = Boj. See the figure. The x axis is
coming out of the page toward the reader. As time increases, the
component of the electric field in the z direction electric field begins to
get smaller and the component in the negative y direction begins to get
larger. At the same time, the component of the magnetic field in the y
direction begins to get smaller, and the component in the z direction
begins to get larger. The net effect is that poth vectors rotate counterclockwise].
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