ELECTROMAGNETIC WAVES

32.1.

32.2.

IDENTIFY: Since the speed is constant, distance x = ct.
SET UP: The speed of light is ¢ = 3.00x10% m/s. 1 y=3.156x10" s.

x  3.84x10° m
EXECUTE: (a) [=—=————
¢ 3.00x10° m/s

(b) x=ct=(3.00x10% m/s)(8.61 y)(3.156x107 s/y) =8.15%10'"® m=8.15x10'3 km

EVALUATE: The speed of light is very great. The distance between stars is very large compared to
terrestrial distances.

IDENTIFY: Find the direction of propagation of an electromagnetic wave if we know the directions of the
electric and magnetic fields.

SET Up: The direction of propagation of an electromagnetic wave is in the direction of E x B, which is

=1.28s

related to the directions of E and B according to the right-hand rule for the cross product. The directions
of E and B in each case are shown in Figures 32.2a-d.

B
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Figure 32.2
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32-2 Chapter 32
EXECUTE: (a) The wave is propagating in the +z direction.
(b) +z direction.
(¢) —y direction.
(d) —x direction.
EVALUATE: In each case, the direction of propagation is perpendicular to the plane of E and B.
32.3.  IDENTIFY: E,, =cB,,. EXxB isin the direction of propagation.
SETUP: ¢=3.00x10% m/s. E,,, =4.00 V/m.
EXECUTE: B, =E_ ., /c= 1.33x10°% T. For E in the +x-direction, EXB is in the +z-direction
when B is in the +y-direction.
EVALUATE: E, B and the direction of propagation are all mutually perpendicular.
32.4.  IDENTIFY and SET UP: The direction of propagation is given by E x B.
EXECUTE: (a) S =i x(—}) =—k.
(b) S=jxi=—k
(© $=(h)x(-i)=J.
) S=ix(-k)=].
EVALUATE: In each case the directions of E, B and the direction of propagation are all mutually perpendicular.
32.5. IpENTIFY: Knowing the wavelength and speed of x rays, find their frequency, period, and wave number.
All electromagnetic waves travel through vacuum at the speed of light.
1 2
SETUP: ¢=3.00x10° m/s. c=fA T=—. k="2.
f A
8
EXECUTE: f = ‘- L()Ign/s = 3.0><1()18 Hz,
A 0.10x107 m
1 =;18 —33x109 s, k=2Z =2—”_9 =6.3x101° m™!,
S 3.0x10°° Hz A 0.10x107 m
EVALUATE: The frequency of the x rays is much higher than the frequency of visible light, so their period
is much shorter.
X 2r
32.6. IDENTIFY: c¢=fA and k= e
SETUP: ¢ =3.00x10° m/s.
EXECUTE: (a) f=%. UVA: 7.50x10"* Hz to 9.38x10'* Hz. UVB: 9.38x10'* Hz to 1.07x10"° Hz.
2
(b) k =7”. UVA: 1.57x10" rad/m to 1.96x10” rad/m. UVB: 1.96x10” rad/m to 2.24x10" rad/m.
EVALUATE: Larger A corresponds to smaller fand .
32.7. IDENTIFY: c¢=fA. E,, =cB k=2r/A. o=2rxf.

max -
SET UP: Since the wave is traveling in empty space, its wave speed is ¢ =3.00%x 10® mvs.

8
EXECUTE: (a) f=%=%84)m=6.94x1014 Hz
%10~ m

() E, . =cB,.. =(3.00x10% m/s)(1.25x107% T) =375 V/m

max
(© k= 2_7r _ 2w ratl
A 432x107 m

E = E,, cos(kx— ar)=(375 V/m)cos([1.45x10” rad/m]x —[4.36x10" rad/s]r)
cos(kx — wr) = (1.25x107° T)cos([1.45%10” rad/m]x —[4.36x10'> rad/s]¢)

=1.45x10" rad/m. = (27 rad)(6.94x10"* Hz) = 4.36x10" rad/s.

B=B

max
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Electromagnetic Waves 32-3

EVALUATE: The cos(kx — a¢) factor is common to both the electric and magnetic field expressions, since

these two fields are in phase.
32.8. IDENTIFY: c¢=fA. Eg ., =By Apply Egs. (32.17) and (32.19).

SET UP: The speed of the wave is ¢ =3.00x10® m/s.

8
Execute: (a) /=< =200 M5 _ 0o 10 1y

A 435%107° m
E 2.70x107 V/m
(B) By == = = —

- =9.00x107"% T
c 3.00x10® m/s

(c) k= 27” =1.44x10" rad/m. @=27f =4.34x10" rad/s. If E(z,1) = iE,,,, cos(kz + ar), then

B(z, t)=—JB,, cos(kz + @r), so that Ex B will be in the —k direction.

E(z,0)=i(2.70x10 V/m)cos([1.44x10” rad/m)z +[4.34x10"> rad/s]¢) and
B(z,)=—j(9.00x107"? T)cos([1.44x107 rad/m)z +[4.34x10" rad/s]¢).

EVALUATE: The directions of E and B and of the propagation of the wave are all mutually
perpendicular. The argument of the cosine is kz + ax since the wave is traveling in the —z-direction.
Waves for visible light have very high frequencies.

32.9. IDENTIFY: Electromagnetic waves propagate through air at essentially the speed of light. Therefore, if we
know their wavelength, we can calculate their frequency or vice versa.

SET UP: The wave speed is ¢ =3.00x10% m/s. c= fA.

8
EXECUTE: (a) (i) f‘:%:%((;m:mxlo“ Hz.
.OX m
8
(i) f=>00x10" m/s 6““ -6.0x10" Hz
5.0x10° m
8
(iif) f:M:ﬁOxlOm Hz.
5.0x10° m
8
(b) (i) ﬂ=§=%:4.62x10_14 m=4.62x10" nm.
DUX Z
8
(i) A:M:sos m=5.08x10"" nm.
590x10° Hz

EVALUATE: Electromagnetic waves cover a huge range in frequency and wavelength.

32.10. IDENTIFY: For an electromagnetic wave propagating in the negative x direction, E = E,,, cos(kx + at).
2 1
w=2rf and k=7”. T=7 Enx =Bpas

SETUP: E,, =375 V/m, k=1.99x10" rad/m and @=5.97x10" rad/s.

EXECUTE: (a) B, — Lo _ 1.25 uT.
4

(b) f=2ﬁ=9.50><1014 Hz. ﬂ=%=3.16x10‘7 m =316 nm. T=%=1.05><10_15 s. This wavelength
T

is too short to be visible.
(¢) c=fA= (9.50><1014 Hz)(3.16x107" m) = 3.00x10% m/s. This is what the wave speed should be for an

electromagnetic wave propagating in vacuum.

EVALUATE: c¢=fA= (%)[%j =% is an alternative expression for the wave speed.
V4
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324 Chapter 32

32.11.  IDENTIFY and SET UP: Compare the E(y,¢) given in the problem to the general form given by
Eq. (32.17). Use the direction of propagation and of E to find the direction of B.
(a) EXECUTE: The equation for the electric field contains the factor cos(ky — @¢) so the wave is traveling
in the +y-direction.
(b) E(y,t)=(3.10x10° V/m)k cos[ky — (12.65x10'? rad/s)]
Comparing to Eq. (32.17) gives w= 12.65%10'? rad/s
27 27me 2m(2.998x10% m/s)
——sod="-=

= = =149%x10™* m
@  (12.65x10°~ rad/s)

w=2rf=

(©)

E x B must be in the + y-direction (the
direction in which the wave is traveling).
When E is in the +z-direction then B

-2 must be in the +x-direction, as shown in
Figure 32.11.

x

Figure 32.11

_27_ o _12.65x10" rad/s
A ¢ 2998x10% m/s
E_ . =3.10x10° V/m

max
5
Then B, = Epnax _ 3:10x10 8V/m

¢ 2.998x10% m/s
Using Eq. (32.17) and the fact that B is in the +i direction when E is in the +k direction,
B =+(1.03x107> T)i cos[(4.22x10* rad/m)y — (12.65x10'? rad/s)]

EVALUATE: E and B are perpendicular and oscillate in phase.
32.12.  IDENTIFY: Apply Egs. (32.17) and (32.19). f =c¢/A and k=27/A.

SETUP: B, (x,1) = =B,y cos(kx + ax).

k =4.22x10* rad/m

=1.03x107° T

EXECUTE: (a) The phase of the wave is given by kx+ ax, so the wave is traveling in the —x direction.

®) L2 _2nf ke _ (1.38x10* rad/m)(3.0x10® m/s)
A c 2 2

(¢) Since the magnetic field is in the —y-direction, and the wave is propagating in the —x-direction, then

=6.59x10'' Hz.

the electric field is in the —z-direction so that E x B will be in the —x-direction.
E(x,1) = +¢B(x, )k = —cB,,, cos(kx+ awr)k.

E(x,t) =—(c(8.25x107° T))cos((1.38x10* rad/m)x + (4.14x10'? rad/s)r).
E(x,1)=—(2.48 V/m)cos((1.38x10* rad/m)x +(4.14x10'? rad/s)1)k.

EVALUATE: E and B have the same phase and are in perpendicular directions.
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Electromagnetic Waves 32-5

32.13. IDENTIFY and SET UP: ¢ = fA4 allows calculation of 4. k=27/4 and w=2xf. Eq. (32.18) relates the

electric and magnetic field amplitudes.

8
EXECUTE: (a) ¢c= fAso i=£=w=361 m
f 830x10° Hz
() k=2_7z=27rrad
A 36lm

(¢) =27/ =(27r)(830x10° Hz) =5.22x10° rad/s
(d) Eq. (32.18): E, =cB,,, =(2.998x10° m/s)(4.82x107"! T)=0.0144 V/m

max
EVALUATE: This wave has a very long wavelength; its frequency is in the AM radio braodcast band. The
electric and magnetic fields in the wave are very weak.
32.14. IDENTIFY: Apply Eq. (32.21). E, =CBrax- V=S4

SETUP: K=3.64. K =518

=0.0174 rad/m

8
EXECUTE: (a) v=—— = G00X107mS) _ 6 915107 s,
JKK,,  |J(3.64)(5.18)
)
(b) =y J09IXI0Tms L ol 06 m.
f 650Hz
-3
(©) B, = Lmax JT20X10Vim ) jgm10 7

6.91x10” m/s

EVALUATE: The wave travels slower in this material than in air.
32.15. IDENTIFY and SET UP: v= fA relates frequency and wavelength to the speed of the wave. Use

Eq. (32.22) to calculate n and K.

8

EXECUTE: (a) A= LA L()Mm/s

f 5.70x10" Hz
8

(b) A=< =—2'998><1014 S _526%107 m
f 5.70x10" Hz
c_2.998x10° m/s _
v 2.17x10% m/s
() n=KK,, ~JK so K =n*=(1.38)> =1.90

EVALUATE: In the material v<c and f is the same, so A is less in the material than in air. v<c¢ always,

=3.81x10"7 m

() n= 1.38

so n is always greater than unity.

32.16. IDENTIFY: We want to find the amount of energy given to each receptor cell and the amplitude of the
magnetic field at the cell.
SET Up: Intensity is average power per unit area and power is energy per unit time.

I=LecE2 . I=Pl4, and E,, =cB

2 max > max max -
EXECUTE: (a) For the beam, the energy is U = Pt = (2.0x10'> W)(4.0x10™° s)=8.0x10> J =8.0 kJ.
This energy is spread uniformly over 100 cells, so the energy given to each cell is 80 J.
(b) The cross-sectional area of each cell is 4= 77,'7’2, with #»=2.5x107° m.

P 20x107W

T A (100)7(2.5%1070 m)?

21 2
© B = |2 = 200" W) _g 710" vim.
e \(8.85x1072 C/N - m?)(3.00x10° mys)

B =Lmax _595103 T,
C

=1.0x10%" W/m?.

max

EVALUATE: Both the electric field and magnetic field are very strong compared to ordinary fields.

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



32-6

Chapter 32

32.17.

32.18.

32.19.

32.20.

32.21.

32.22.

IDENTIFY: [ =P/A. [=LecEn, . Epy=cB

max max — ““max-*
SET Up: The surface area of a sphere of radius r is A4 =47 - €= 8.85x107'2 C?/N-m?.
P (0.05)(75 W)

EXECUTE: (a) [ =—
A 47(3.0x1072 m)?

21 2(330 W/m?
() Epx =, [— = = (2 > ) 3 =500 V/m.
€c  \(8.85x107"2 C2/N-m?)(3.00x10® m/s)

=330 W/m?.

max —

B =Emx 759076 T=1.7 uT.
¢
EVALUATE: At the surface of the bulb the power radiated by the filament is spread over the surface of the

bulb. Our calculation approximates the filament as a point source that radiates uniformly in all directions.
IDENTIFY: The intensity of the electromagnetic wave is given by Eq. (32.29): [ = %EOCE 2 = EOCE,%“S.

max
The total energy passing through a window of area 4 during a time ¢ is [A4¢.
SETUP: €, =8.85x10""2 F/m
EXECUTE: Energy = g,cE2 At = (8.85x10712 F/m)(3.00x10° m/s)(0.0200 V/m)*(0.500 m*)(30.0 ) =15.9 1]
EVALUATE: The intensity is proportional to the square of the electric field amplitude.
IDENTIFY and SET UP:  Use Eq. (32.29) to calculate 7, Eq. (32.18) to calculate B,

nax> and use

I= f;v/47rr2 to calculate 7.
(@) EXECUTE: [ =d€cED, i By =0.090 V/m, s0 [ =1.1x107 W/m®

max > £max
(®) E, . =cB,. s0B,. =E.. /c=3.0x10710T

(©) P, =I(47mr*)=(1.075x10"> W/m?)(47)(2.5%10° m)> =840 W

(d) EVALUATE: The calculation in part (c) assumes that the transmitter emits uniformly in all directions.
IDENTIFY and SETUP: /=P, /4 and [ = eocEﬁm.

EXECUTE: (a) The average power from the beam is P, =14 =(0.800 W/mz)(3.0><104 mz) =24x107 W.

() E, = =17.4V/m

I 0.800 W/m?
(8.85x107'2 F/m)(3.00 x 10% my/s)

EVALUATE: The laser emits radiation only in the direction of the beam.
IDENTIFY: [=PF, /A

€)C

SET UP: At a distance  from the star, the radiation from the star is spread over a spherical surface of area
A=47r?.
EXECUTE: P, =I(47r*) = (5.0x10° W/m?)(47)(2.0x10'" m)* = 2.5x10% W

EVALUATE: The intensity decreases with distance from the star as /2.
IDENTIFY and SETUP: ¢= fA, E, =cB . and I=E_ . B . /2u,

max-—max
8
EXECUTE: (a) [ = % - %ﬁn‘/s -8.47x10° Hz.

. m

M) B _ By _ 0.0540 V/im
e 3.00x10° m/s

(© I=5. = EmoBuax _ (00540 V/m)(1.80x107'% T)
= 5, = cmaxDmax _

2 2y

2
max*

=1.80x10710 T.

=3.87x107% W/m?.

EVALUATE: Alternatively, /=1 ¢ cE
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32.23.  IDENTIFY: P, =IA and I =E2, /24

SET Up: The surface area of a sphere is 4 = 4r?.

2 8
EXECUTE: P, =S, A= Eivax | 4702, B - /Pavc,téo _ (60.0W)(3.OOX102m/S),uO 190 V/m,
2cty 2rr 272(5.00 m)

Epa _ 120V/m

B = max

T 3.00%108 mfs
EVALUATE: F, and B

max max

=4.00x10"8 T.

are both inversely proportional to the distance from the source.

32.24. IDENTIFY: The Poynting vector is § = E x B.
SET Up: The electric field is in the —y-direction, and the magnetic field is in the +z-direction.

cos’ o= %(1 +cos2¢)

EXECUTE: (a) S=ExB= (—j) xk=—i. The Poynting vector is in the —x-direction, which is the

direction of propagation of the wave.

E(x, t)B(x,t) E_ B E_..B
() S(x, t)= Ex DB(x, 1) = Mcosz(kx + ) = XX (] 4 cos(2(ax + kx))). But over one
My Mo 2
1 M M Emameax 1a 1
period, the cosine function averages to zero, so we have §,, = 2% Thjs is Eq. (32.29).

2
EVALUATE: We can also show that these two results also apply to the wave represented by Eq. (32.17).
32.25. IDENTIFY: Use the radiation pressure to find the intensity, and then P, =1 (4mr?).

SET UP: For a perfectly absorbing surface, p,q = £
c

EXECUTE:  pq=1l/c s0 I =cpy=2.70x10° W/m?. Then
P,, = I(47r%) = (2.70x10° W/m?)(47)(5.0 m)*> =8.5x10° W.
EVALUATE: Even though the source is very intense the radiation pressure 5.0 m from the surface is very
small.

32.26. IDENTIFY: The intensity and the energy density of an electromagnetic wave depends on the amplitudes of
the electric and magnetic fields.

SET Up: Intensity is / = P,, /4, and the average radiation pressure is P,, =2//c, where [ = %eocEéax.

The energy density is u = €yE 2,

EXECUTE: (a) [=F, /A= M
27(5000 m)

2(0.00201 W/m?)

o010 =134x10"" Pa
00X S

=0.00201 W/m?. pq=2lc=

() I =%60CE§1ax gives

2
By = 2 = 2O0001WIY) 55 nic
€C (8.85x107°° C*/N - m~)(3.00x10° m/s)

B =E,. /c=(123N/C)/(3.00x10® m/s)=4.10x107" T

E
c u:eE2, sou, =€(E. ) and E.__ = max " so
( ) 0 av 0( rms) rms \/E
€FE2,  (8.85x10712 C*/N-m?)(1.23 N/C)?
2 2
(d) As was shown in Section 32.4, the energy density is the same for the electric and magnetic fields, so
each one has 50% of the energy density.
EVALUATE: Compared to most laboratory fields, the electric and magnetic fields in ordinary radiowaves
are extremely weak and carry very little energy.

=6.69x107"2 J/m>

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



32-8 Chapter 32

32.27. IDENTIFY: We know the greatest intensity that the eye can safely receive.

E

max

=cB

max *

serup: 7=2. I=1ecE?
A 2

max -

EXECUTE: (a) P=I4=(1.0x10> W/m?)7(0.75x10™> m)? =1.8x10™* W =0.18 mW.

2 2
(b) E = /£=\/ 2(1.0x107 W/m®) =274 V/m. By, =Lmx —913x1077 T,
Eoc

(8.85%107'% C?/N-m?)(3.00x10% m/s) ¢
(¢) P=0.18 mW =0.18 mJ/s.

2
(@) 7=(1.0x10° W/mz)( j =0.010 W/em?.

10? cm
EVALUATE: Both the electric and magnetic fields are quite weak compared to normal laboratory fields.

32.28. IDENTIFY: Apply Egs. (32.32) and (32.33). The average momentum density is given by Eq. (32.30), with
Sreplaced by S,, =1.

SETUP: 1atm=1.013x10° Pa

I 2500 W/m?

EXECUTE: (a) Absorbed light: p_ === YT T 8.33%107% Pa. Then
4 0O X S

8.33x107° Pa

—5=8.23x10‘“ atm.
1.013x10° Pa/atm

Prad =

21 2(2500 W/m?)

(b) Reflecting light: =— =1.67x107> Pa. Then
BN Prad 3.0x10% m/s

1.67x107 Pa

—5=1.65x10‘1° atm.
1.013x10° Pa/atm

Prad =

dp S 2500 W/m?

(¢) The momentum density is —=—2=—————=2.78x 107 kg/m2 -S.

v 2 (3.0x10° m/s)?
EVALUATE: The factor of 2 in p,,, for the reflecting surface arises because the momentum vector totally
reverses direction upon reflection. Thus the change in momentum is twice the original momentum.
32.29. IDENTIFY: We know the wavelength and power of the laser beam, as well as the area over which it acts.
SETUp: P=IA. A=mr’. E

max = CBax- The intensity /=S, is related to the maximum electric field

by I = % eocEiax. The average energy density u,, is related to the intensity /by [ =u,,c.
-3
EXECUTE: (a) [ =L = 0-200%10 . w =637 W/m’.
A 7(0.500x107° m)
21 2(637 W/m?) E
M) E = |—= =693 V/m. B, =—"2%=23] T,
T ge  \(8.85%x10712 C2/N-m?)(3.00 x10° m/s) e

© . =Lo 637 W/m?
e 3.00x10° m/s

EVALUATE: The fields are very weak, so a cubic meter of space contains only about 2 uJ of energy.
32.30. IDENTIFY: We know the intensity of the solar light and the area over which it acts. We can use the light

intensity to find the force the light exerts on the sail, and then use the sail’s density to find its mass.
Newton’s second law will then give the acceleration of the sail.

=2.12x107° J/m>.

. .21 . .
SET Up: For a reflecting surface the pressure is —. Pressure is force per unit area, and F, =ma. The
c

mass of the sail is its volume V" times its density p. The area of the sail is 7r?, with r=4.5 m. Its volume

is 7zr21, where #=7.5x10"° m is its thickness.
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32.31.

32.32.

32.33.

32.34.

EXECUTE: (a) F = (ﬂjA = w

c 3.00x10° m/s

(b) m=pV =(1.74x10° kg/m®)z(4.5 m)*(7.5x107° m)=0.83 kg.

G F 59x107* N
m 0.83 kg

(c) With this acceleration it would take the sail 1.4x10° s =16 days to reach a speed of 1 km/s. This

would be useful only in specialized applications. The acceleration could be increased by decreasing the
mass of the sail, either by reducing its density or its thickness.

EVALUATE: The calculation assumed the only force on the sail is that due to the radiation pressure. The
sun would also exert a gravitational force on the sail, which could be significant.

IDENTIFY: The nodal and antinodal planes are each spaced one-half wavelength apart.

7(4.5m)* =5.9x107 N.

=7.1x107* m/s>.

SET UP: 2% wavelengths fit in the oven, so (2%)1 =L, and the frequency of these waves obeys the
equation fA=c.
EXECUTE: (a) Since (21)A=L, we have L =(5/2)(12.2 cm)=30.5 cm.

(b) Solving for the frequency gives f =c/A= (3.00x10% m/s)/(0.122 m) = 2.46x10° Hz.
(¢) L =355 cm in this case. (2%)/1 =L,s0 A=2L/5=2(35.5 cm)/5=14.2 cm.

f=c/A=(3.00x10® m/s)/(0.142 m) =2.11x10° Hz

EVALUATE: Since microwaves have a reasonably large wavelength, microwave ovens can have a
convenient size for household kitchens. Ovens using radiowaves would need to be far too large, while
ovens using visible light would have to be microscopic.

IDENTIFY: The electric field at the nodes is zero, so there is no force on a point charge placed at a node.
SET UpP: The location of the nodes is given by Eq. (32.36), where x is the distance from one of the planes.
A=clf.

A_ ¢ _ 3.00x10° m/s
2 2f 2(7.50x10° Hz)
which are 80.0 cm apart, and there are two nodes between the planes, each 20.0 cm from a plane. It is at
20 cm, 40 cm, and 60 cm from one plane that a point charge will remain at rest, since the electric fields
there are zero.

EVALUATE: The magnetic field amplitude at these points isn’t zero, but the magnetic field doesn’t exert a

force on a stationary charge.
IDENTIFY and SET UP:  Apply Egs. (32.36) and (32.37).

EXECUTE: (a) By Eq. (32.37) we see that the nodal planes of the B field are a distance A/2 apart, so
A/2=3.55mm and A=7.10 mm.

(b) By Eq. (32.36) we see that the nodal planes of the E field are also a distance 4/2=3.55 mm apart.
(¢) v=fA=(2.20x10"" Hz)(7.10x10™> m)=1.56x10° m/s.
EVALUATE: The spacing between the nodes of E is the same as the spacing between the nodes of B.
Note that v< ¢, as it must.
IDENTIFY: The nodal planes of E and B are located by Eqs. (32.26) and (32.27).

¢ 3.00x10° m/s

SETUP: A=—=="——"—=400m
[ 75.0x10° Hz

EXECUTE: AX, 45 =

=0.200 m =20.0 cm. There must be nodes at the planes,

EXECUTE: (a) Ax= % =2.00m.

(b) The distance between the electric and magnetic nodal planes is one-quarter of a wavelength, so is

A_Ax_200m_ oo,
42 2
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32-10 Chapter 32
EVALUATE: The nodal planes of B are separated by a distance 4/2 and are midway between the nodal
planes of E.
32.35.  (a) IDENTIFY and SET UpP: The distance between adjacent nodal planes of B is A/2. There is an antinodal
plane of B midway between any two adjacent nodal planes, so the distance between a nodal plane and an
adjacent antinodal plane is A/4. Use v= f1 to calculate A.
8
EXECUTE: A=—= %Omm/s =0.0175 m
f 120x10" Hz
A_QOI75M _ 4 38310 m=438 mm
4 4
(b) IDENTIFY and SET UP: The nodal planes of E are at x=0, A/2,4,31/2,..., so the antinodal
planes of E are at x=A4/4, 34/4, 51/4, . ... The nodal planes of B are at x=A/4, 31/4, 54/4, ..., so
the antinodal planes of B are at A/2, 1, 34/2, . ...
EXECUTE: The distance between adjacent antinodal planes of E and antinodal planes of B is therefore
A/4=4.38 mm.
(¢) From Egs. (32.36) and (32.37) the distance between adjacent nodal planes of E and B is
Al4 =438 mm.
EVALUATE: The nodes of E coincide with the antinodes of B and conversely. The nodes of B and the
nodes of E are equally spaced.
32.36.  IDENTIFY: Evaluate the derivatives of the expressions for £, (x,7) and B, (x,?) that are given in

Egs. (32.34) and (32.35).

SET UP: isin kx = kcoskx, aisin Wt = WCOos wr. icoskx =—ksinkx, aicos ot =—@sin wxt.
t

ox t ox
IE (x,1) 2 o d )
EXECUTE: (a) 0z = Bx_z (—2E ax sinkxsin ax) = Ew (—2kE,, coskxsinwt) and
9%E (x,t 2 %E (x,t
y—(z) = 22 E, gy sinksinar = 2L2E, , sinkxsin o = ey, #
ox c ot
2 2
. B, (x,t .
Similarly: Bz—(zx) = 8—2(—28max coskxcosar) = 9 (+2kB .« sinkxcos wt) and
ox ox ox
2 2 2
B, (x,t B, (x,t
az—(2x,) =2k?B,, coskxcos ax = w—ZZBmaX cos kxcos art = €yl az—(zx,)
ox c ot
dE,(x,1) 9 L ‘
(b) ———=—(-2E,, sinkxsinart) =-2kE,, coskxsinax.
ox ox
0E (x,t E
+) =2 2E, .« coskxsin @t = —w2—2%% cos kxsin a¢ = —@2 B,,, cos kxsin @xr.
x c c
oE,(x,1) 9 0B_(x, 1)
— 2~ =+~ (2B, cOs kx cos @) = ——2
ox ot (2B ) ot
. B, (x,t .
Similarly: _9B.x0) = i(+2Bmax cos kx cos wt) =—2kB,,, sinkxcos wt.
ox ox
B . .
_9B(x0) =2 2B, Sin kx cos ax = —22203max sin kx cos ar.
ox c c
B_(x,t . . . OE (x,t
—% =—€ylgW2E ., Sin kx cos wt = €yl %(—ZEmax sinkxsin ax) = €14, #
x

EVALUATE: The standing waves are linear superpositions of two traveling waves of the same k and ®.
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32.37. IDENTIFY: We know the wavelength and power of a laser beam as well as the area over which it acts and
the duration of a pulse.

SET UP: The energy is U = Pt. For absorption the radiation pressure is 1, where [ = g The
c

s

wavelength in the eye is A= o 1= %EOCET%]&X and E_,, =cB .-

EXECUTE: (a) U =Pt =(250x107> W)(1.50x107> s)=3.75x107* J =0.375 mJ.
P 250x107° W

b) [=—=—"—""""3

A m(255%107° m)

I 1.22x10° W/m?

=1.22x10° W/m>. The average pressure is

———8=4.08><10’3 Pa.
¢ 3.00x10° m/s
8
(©) /1=&=810nm=604 nm. ]"=1=L=MO9m/s=3.70><1014 Hz; fis the same in the air and
n 1.34 A 4 810107 m
in the vitreous humor.
21 2(1.22x10° 2
(d) Epgy = |— = 202210 W) _3.0310* Vim.
€C (8.85x107 7 C“/N-m~)(3.00x10° m/s)
E —4
Bmax=%=l.01><10 T.

EVALUATE: The intensity of the beam is high, as it must be to weld tissue, but the pressure it exerts on

the retina is only around 107® that of atmospheric pressure. The magnetic field in the beam is about twice
that of the earth’s magnetic field.
32.38.  IDENTIFY: Evaluate the partial derivatives of the expressions for £, (x,¢) and B_(x,?).

SET Up: aicos(kx —at) =—ksin(kx — wxt), %cos(kx —wt) = wsin(kx — ax) -
X

aisin(kx —ax) =k cos(kx — ax), Esin(loc —at) =—wcos(kx — ax)
X

ot
EXECUTE: Assume E = Emaxjcos(loc —ar) and B= Bmaxlecos(kx —at+¢), with—r<g<m Eq. (32.12)
oE
is B_xy = —%. This gives kE,,, sin(kx — axt) = +@B,,,, sin(kx — ot + @), so ¢=0, and kE,, = @B,
oE
s0 E,. =B = 2z f Bax = f AByax = CBmax- Similarly for Eq. (32.14), — aaBz L gives
X

max ; 'max M’W =€t 7
kB oy sin(kx — ot + @) = Uy WE ., sin(kx — at), so ¢ =0 and kB, = € lly@E ., SO
Buax = é_O‘L]éoa)Emax = 622;7!]';/1 Eax = i_jEmax = %EmaX'
EVALUATE: The E and B fields must oscillate in phase.

32.39. IDENTIFY: The light exerts pressure on the paper, which produces an upward force. This force must
balance the weight of the paper.

SET Up: The weight of the paper is mg. For a totally absorbing surface the radiation pressure is ! and for
c

a totally reflecting surface it is 2 The force is F = PA, and the intensity is 7 = g
c

EXECUTE: (a) The radiation force must equal the weight of the paper, so (ijA =mg.
c
mge (150107 kg)(9.80 m/s*)(3.00x10° m/s)

=22 =7.16x10" W/m?.
A (0.220 m)(0.280 m)
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(b) 1 =LeycEp,. Solving for Ey, gives

E =2.32x10° V/m.

max

21 2(7.16x107 W/m?)
(8.85x107'% C2/N - m?)(3.00x10® m/s)

5~ Ema _ 2.32x10° V/m 7 74%10~ T
e 3.00x10% m/s ’

€)C

(¢) The pressure is g, S0 [2—1jA=mg. I=%=3.58x107 W/m?.
c c

P 0.500x107° W
@ 1=== X2~ 637 Wim”.

A 7(0.500%107 m)?
EVALUATE: The intensity of this laser is much less than what is needed to support a sheet of paper. And
to support the paper, not only must the intensity be large, it also must be over a large area.

32.40. IDENTIFY: The average energy density in the electric field is ug ,, = 50 (E 2)av and the average energy

density in the magnetic field is up,, = 2—(B2 Jav-

SETUP:  (cos” (kx — ), =1

EXECUTE: E | (x,1) = E,y cos(kx —ax). up = EOE = GOEr%]ax cos? (kx — o) and UE oy :%eoEéaX.

1
B, (x,t) = By cos(kx — @), so ug = —BZ2 Bﬁlax cos? (kx — ar) and Upay = Bﬁlax
24, 24 41y

2,2 1 1 .
E\pax = CBiaxs SO Ug 4y = eoc B =———, SO Up = B, Which equals ug,,.

max - m > 2,[[0 mq

. 1
EVALUATE: Our result allows us to write u,, =2ur ,, = Emax and u,, =2ug,, = 2 Bﬁlax
’ ’ Ho

32.41. IDENTIFY: The intensity of an electromagnetic wave depends on the amplitude of the electric and
magnetic fields. Such a wave exerts a force because it carries energy.

SET Up: The intensity of the wave is [ = P, /A= eocEﬁlax, and the force is ' = p_,qA where p_ 4 =1/c.

EXECUTE: (a) [ =P, /4= (25,000 W)/[47(575 m)?] = 0.00602 W/m>

(b) I =L By, 50 Eppyy = =213 N/C.

ax >

(8.85%107'2 C*/N - m?)(3.00x10% m/s)

20 2(0.00602 W/m*)
€)C

By = Eay/c = (2.13 N/C)/(3.00x10% m/s) =7.10x107° T

(€) F = ppgd=I/c)A=(0.00602 W/m?)(0.150 m)(0.400 m)/(3.00x10% m/s) =1.20x107'2 N

EVALUATE: The fields are very weak compared to ordinary laboratory fields, and the force is hardly
worth worrying about!

32.42. IDENTIFY: c=fA E . =cB.. 1= eocE

 nax max- For a totally absorbing surface the radiation pressure
is —.
c

SET UP: The wave speed in air is ¢ = 3.00x10% mys.

8
Expcute: (a) =S =200 WS g g 109 1y

A 3.84x107%m
®) B = Epax _ 135 V/m
T e 3.00%10° m/s

(©) I =1LeycEn, =1(8.854x107"? C*/N-m?)(3.00x10° m/s)(1.35 V/m)* =2.42x107> W/m”

=4.50x10"° T
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-3 2 2
(d) F = (pressure) 4 _ 14 _ (2.42x10 W/H:g )(0.240 m~)
¢ 3.00x10% m/s
EVALUATE: The intensity depends only on the amplitudes of the electric and magnetic fields and is
independent of the wavelength of the light.
32.43. (a) IDENTIFY and SET UP: Calculate / and then use Eq. (32.29) to calculate E,,, and Eq. (32.18) to

calculate B,,,.

=1.94x10"2 N

- =937 W/m”.

P 4.60x107 W
A 7(1.25%107 m)?

EXECUTE: The intensity is power per unit area: / =

2
I= % $0 By =210l . By =1 2(47107 T -m/A)(2.998x 108 m/s)(937 W/m?) =840 V/m.
0

5 _Ewe __ 840V/m

T e 2.998x10% mys
EVALUATE: The magnetic field amplitude is quite small compared to laboratory fields.
(b) IDENTIFY and SET UP: Egs. (24.11) and (30.10) give the energy density in terms of the electric and

=2.80x107° T.

magnetic field values at any time. For sinusoidal fields average over E 2 and B to get the average energy
densities.

EXECUTE: The energy density in the electric field is uy =1 EOEZ. E=E

) max

cos(kx — ax) and the average
value of cosz(/cx —ax) is % The average energy density in the electric field then is

U gy =S €0 E g =2(8.854x107"2 C?/N- m?)(840 V/m)* =1.56 x107® J/m’. The energy density in the

2 2 —6 2
magnetic field is up = B— The average value is up ,, = Binax _ (2'8OXI§) D” 1.56x107° J/m?.
2y ’ Auy  A(4rx107" T-m/A)

EVALUATE: Our result agrees with the statement in Section 32.4 that the average energy density for the
electric field is the same as the average energy density for the magnetic field.
(c) IDENTIFY and SET UP: The total energy in this length of beam is the average energy density

(Ugy =Up gy g, =3.12X 107 J/m?) times the volume of this part of the beam.

EXECUTE: U =u, LA=(3.12x10"% J/m*)(1.00 m)z(1.25x107 m)* =1.53x107"" J.
EVALUATE: This quantity can also be calculated as the power output times the time it takes the light to

travel L=1.00m: U = P(ﬁj =(4.60x107 W)(%
2.998x10° m/s

j =1.53x107"" J, which checks.
c
32.44. IDENTIFY: We know the electric field in the plastic.

SET UP: The general wave function for the electric field is £ =E,_,, cos(kx—ax). f = Zﬂ’ A= 2—”,
V4

k
v=fA and v=5<,
n

EXECUTE: (a) By comparing the equation for E to the general form, we have @=3.02x 10" rad/s and

k=1.39%10" rad/m. f=2ﬂ=4.81><1014 Hz. /1=27”=4.52><10‘7 m =452 nm.
T
v=fA=2.17x10% m/s.
8
(b) neCo 3.00x10° m/s ~138.

v 217x10° m/s
(¢) In air, @=3.02x10" rad/s, the same as in the plastic. Ay =An= (4.52x1077 m)(1.38) =6.24x107" m,

S0 k= 277[ =1.01x10’ rad/m. The equation for £ in air is

E=(535 V/m)cos[(1.01><107 rad/m)x — (3.02x10' rad/s)z]

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



32-14 Chapter 32

EVALUATE: In the plastic, k and A are different from their values in air, but fand @ are the same in both
media.

. - . 1
32.45. IDENTIFY: [=P,,/A. For an absorbing surface, the radiation pressure is pq =—.
c

SET UP: Assume the electromagnetic waves are formed at the center of the sun, so at a distance  from the
center of the sun / =F,, /(47Zr2).

=6.4%x10" W/m? and

EXECUTE: (a) At the sun’s surface: [ = Pa‘vz = 3'9XI0268W 3
47R°  47(6.96x10° m)
1 6.4x10" W/m?
Prd T3 00x10° mis
Halfway out from the sun’s center, the intensity is 4 times more intense, and so is the radiation pressure:

I1=2.6x10° W/m? and Prag = 0.85 Pa. At the top of the earth’s atmosphere, the measured sunlight

=0.21Pa.

intensity is 1400 W/m? and Prad = 5x107® Pa, which is about 100,000 times less than the values above.

EVALUATE: (b) The gas pressure at the sun’s surface is 50,000 times greater than the radiation pressure,

and halfway out of the sun the gas pressure is believed to be about 6x10'* times greater than the radiation
pressure. Therefore it is reasonable to ignore radiation pressure when modeling the sun’s interior structure.

32.46. IDENTIFY: The intensity of the wave, not the electric field strength, obeys an inverse-square distance law.
SET UP: The intensity is inversely proportional to the distance from the source, and it depends on the

amplitude of the electric field by /=S, = %EOCE 2

max*
. 1 . . .
EXECUTE: Since [ = EeocEﬁlax, E ax & JI. A point at 20.0 cm (0.200 m) from the source is 50 times

closer to the source than a point that is 10.0 m from it. Since [/ o< 1/r? and (0.200 m)/(10.0 m) =1/50,
we haVe ]020 = 502110 Since Emax oc \/7, we haVe E020 = 50E10 = (50)(1.50 N/C) = 750 N/C

EVALUATE: While the intensity increases by a factor of 50% =2500, the amplitude of the wave only
increases by a factor of 50. Recall that the intensity of any wave is proportional to the square of its
amplitude.

32.47. IDENTIFY: The same intensity light falls on both reflectors, but the force on the reflecting surface will be
twice as great as the force on the absorbing surface. Therefore there will be a net torque about the rotation
axis.

SET Up: For a totally absorbing surface, F = p,, 44 = (I/c)A4, while for a totally reflecting surface the
force will be twice as great. The intensity of the wave is [ = %eocEfnax. Once we have the torque, we can

use the rotational form of Newton’s second law, 7

et =10, to find the angular acceleration.

1 6OCE§13XA

EXECUTE: The force on the absorbing reflector is Fjp, = ppaqd = (llc)4 =2 L EOAET%]aX.

T2
For a totally reflecting surface, the force will be twice as great, which is eocEglaX. The net torque is

therefore 7, = Fron(L/2) — Faps(L/2) = €gAEZ, L/4.

max

Newton’s second law for rotation gives 7, =Ic. 60AE§MXL/ 4=2m(L/2)* .

Solving for & gives
-12 ~2 2 2 2
aZeOAEI%laX/(sz): (8.85%107°° C“/N-m~)(0.0150 m)~(1.25 N/C) ~3.89%10~" rad/s.
(2)(0.00400 kg)(1.00 m)

EVALUATE: This is an extremely small angular acceleration. To achieve a larger value, we would have to
greatly increase the intensity of the light wave or decrease the mass of the reflectors.
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32.48.

32.49.

IDENTIFY: The changing magnetic field of the electromagnetic wave produces a changing flux through
the wire loop, which induces an emf in the loop.

SETUpP: @ = Brr? = mszmaX cos(kx — ax), taking x for the direction of propagation of the wave.

dd, B

Faraday’s law says |£|=‘ y max __€
t

— B2 , and =£.
2wy 2wy e M7

Emax

. The intensity of the wave is 7 =

do .
tB = WB, 4 Sin(kx — e, |£|mlx = 2%{meax7rr2.

EXECUTE: €=

8
J"=£=MOm/s=4.348><107 Hz. Solving I=M=LB§W for B, gives
A 6.90 m 24, 2y
-7 2
5 - 2,1 :\/2(47rx10 T m/Ag(0.0195 Wimh) e oSt
c 3.00x10° m/s

€], =27(4.348x107 Hz)(1.278x10™ T)7(0.075 m)* =6.17x107 V=61.7 mV.

EVALUATE: This voltage is quite small compared to everyday voltages, so it normally would not be
noticed. But in very delicate laboratory work, it could be large enough to take into consideration.
IDENTIFY and SET UP: In the wire the electric field is related to the current density by Eq. (25.7). Use

Ampere’s law to calculate B. The Poynting vector is given by Eq. (32.28) and the equation that follows it
relates the energy flow through a surface to S.

EXECUTE: (a) The direction of E is parallel to the axis of the cylinder, in the direction of the current.
From Eq. (25.7), E=pJ =pl Iza®. (E is uniform across the cross section of the conductor.)

(b) A cross-sectional view of the conductor is given in Figure 32.49a; take the current to be coming out of
the page.

B B Apply Ampere’s law to a circle of radius a.
gSB -dl = BQ2ra)
Iencl =1
B B
Figure 32.49a
= 7 _ . _ _ I[,lo[
qSB dl = pol g gives B(2ma) =yl and B = Ey=—
7a

The direction of B is counterclockwise around the circle.
(¢) The directions of E and B are shown in Figure 32.49b.

The direction of S = LE—‘ x B
Ho

is radially inward.
g= L EBZL(p_Izj(ﬂ_ol]
Hy Ho\ma” )\ 27a
12
§= p2 3
2r°a

Figure 32.49b
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(d) EVALUATE: Since S is constant over the surface of the conductor, the rate of energy flow P is given
, 1? 1’
by S times the surface of a length / of the conductor: P =S4=S2xal)= %(27[(11) =P 5 But
2w a za
R= le, so the result from the Poynting vector is P =R/ 2. This agrees with P, =/ ?R, the rate at which
ma
electrical energy is being dissipated by the resistance of the wire. Since S is radially inward at the surface
of the wire and has magnitude equal to the rate at which electrical energy is being dissipated in the wire,
this energy can be thought of as entering through the cylindrical sides of the conductor.

32.50. IDENTIFY: The nodal planes are one-half wavelength apart.

SET Up: The nodal planes of B are at x = A/4,31/4,54/4, ..., which are 1/2 apart.

EXECUTE: (a) The wavelength is A =c/f =(3.000x10® m/s)/(110.0x10° Hz) =2.727 m. So the nodal
planes are at (2.727 m)/2=1.364 m apart.

(b) For the nodal planes of E, we have A, =2L/n, so L =nA/2=(8)(2.727 m)/2=10.91 m.

EVALUATE: Because radiowaves have long wavelengths, the distances involved are easily measurable
using ordinary metersticks.

32.51. IDENTIFY and SET UP: Find the force on you due to the momentum carried off by the light. Express this
force in terms of the radiated power of the flashlight. Use this force to calculate your acceleration and use a
constant acceleration equation to find the time.

(a) EXECUTE: p_q=1/cand F = p 44 gives F =14A/c=PF, /c

a, = Flm=P,/(mc)=(200 W)/[(150 kg)(3.00x10° m/s)] = 4.44x10 m/s’

Then x —xy =vy,t+ %atxt2 gives

t=2(x—xp)la, = \/2(16.0 m)/(4.44x107° m/s?) =8.49x10% s=23.6 h

EVALUATE: The radiation force is very small. In the calculation we have ignored any other forces on you.
(b) You could throw the flashlight in the direction away from the ship. By conservation of linear
momentum you would move toward the ship with the same magnitude of momentum as you gave the
flashlight.

32.52.  IDENTIFY: P, =I4 and I=1e\cEq . Epp =By
SET UP: The power carried by the current i is P =Vi.

EXECUTE: [= % =1k}, and
- 5

E. = 2R, _ | 2Vi _ 2(5.0(;><10 V)(IOO;) A) _ 6.14x10° V/m.

Aeyc Ae, (100 m~)€,(3.00x10° m/s)

4

B = Enax _ 6.14><108V/m —2.05x10-4 T.

¢ 3.00x10° m/s

.00x10° V)(1000 A . .
EVALUATE: [ = Vid = 500X 1000V)g 000 A) _ 5.00x10° W/m?. This is a very intense beam spread
m
over a large area.
32.53. IDENTIFY: The orbiting satellite obeys Newton’s second law of motion. The intensity of the

electromagnetic waves it transmits obeys the inverse-square distance law, and the intensity of the waves
depends on the amplitude of the electric and magnetic fields.

SET UP: Newton’s second law applied to the satellite gives mv?/r = GmMIr?, where M is the mass of the
earth and m is the mass of the satellite. The intensity / of the wave is I =S,, = % eocEmaxz, and by

definition, I = P,,/A.
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EXECUTE: (a) The period of the orbit is 12 hr. Applying Newton’s second law to the satellite gives
mQ2zr/T)?  GmM
» -2

r

mv?/r = GmM/r?, which gives . Solving for r, we get

omr )’ (6.67x107' N- m? /kg?)(5.97x10%* kg)(12x3600 s)* "
r= =& £ N> £ =2.66x10" m

47° 47°
The height above the surface is 4 =2.66x10" m — 6.38x10® m =2.02x10” m. The satellite only radiates

its energy to the lower hemisphere, so the area is 1/2 that of a sphere. Thus, from the definition of intensity,
the intensity at the ground is

[ =P /A= P, /2rh*)=(25.0 W)/[27(2.02x10" m)*]=9.75x10""> W/m?

—-15 2
(b) 1=, =LecEr,, . s0 Epyy = 20 2(12'75;(10 ZW/m ) —— =2.71x107° N/C
e\ (8.85x107' C*/N-m?)(3.00x10% m/s)
B =E,.. /c=(2.71x107° N/C)/(3.00x10% m/s) =9.03x107> T

t=d/c=(2.02x10" m)/(3.00x10° m/s) =0.0673 s
(©) Prag = e =(9.75%10""° W/m?)/(3.00x10* m/s) =3.25x10> Pa

(d) A=c/f =(3.00x10® m/s)/(1575.42x10° Hz) = 0.190 m

EVALUATE: The fields and pressures due to these waves are very small compared to typical laboratory
quantities.

. o .20 . .
32.54. IDENTIFY: For a totally reflective surface the radiation pressure is —. Find the force due to this pressure
c

and express the force in terms of the power output P of the sun. The gravitational force of the sun is
— mMsun
};‘g - Gr—z.

=1.99x10*" kg. G=6.67x10""! N- m?/kg?.

EXECUTE: (a) The sail should be reflective, to produce the maximum radiation pressure.

SET UP: The mass of the sun is M

sun

where r is the distance of the sail from the

b
arzr?

%j[ P ) PA PA mM g,

(b) Foq= (gj A, where 4 is the area of the sail. /=
c

'Fi'ad =Fg SO —2:G

sun. Fp4 = ( =—
c 472 27r2¢ 2rrec 2

o 2meGmM g, _ 272(3.00x10% m/s)(6.67x107! N - m?/kg?)(10,000 kg)(1.99x10>° kg)
P 3.9x10% W

A=6.42x10° m* = 6.42 km”,
(¢) Both the gravitational force and the radiation pressure are inversely proportional to the square of the
distance from the sun, so this distance divides out when we set Fj,q = Fj.

EVALUATE: A very large sail is needed, just to overcome the gravitational pull of the sun.

32.55. IDENTIFY and SET UP: The gravitational force is given by Eq. (13.2). Express the mass of the particle in
terms of its density and volume. The radiation pressure is given by Eq. (32.32); relate the power output L
of the sun to the intensity at a distance r. The radiation force is the pressure times the cross-sectional area
of the particle.

EXECUTE: (a) The gravitational force is £y, = G%. The mass of the dust particle is m = pV = p%ﬂ'R3.
r
3
Thus F, = 45TV
3r
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(b) For a totally absorbing surface p,,4 = £ If L is the power output of the sun, the intensity of the solar
c

radiation a distance r from the sun is /= 5- Thus prq = The force F;,, that corresponds to

4rr dzer?

Praq 18 in the direction of propagation of the radiation, so F,q4 = p.q4,, Where 4, = 7R is the

component of area of the particle perpendicular to the radiation direction. Thus

L LR?
Frad=[ 2j(er2>=—2.
dxer dcr

(©) Fg =Faq
4pGrMR® _ LR?
32 4cr?
(4pG7rMJR=£ and k= 3L
3 4c 16cpGrM

R 3(3.9x10%° W)
16(2.998x10® m/s)(3000 kg/m>)(6.673x1071! N- m?/ kg?)7(1.99x10% kg)
R=19x10" m=0.19 um.

EVALUATE: The gravitational force and the radiation force both have a r2 dependence on the distance
from the sun, so this distance divides out in the calculation of R.

2 2
(@ %=[i‘R 2}[4 G3r R3]= T ?)GL MR'Frad is proportional to R* and F, is proportional to R,
o cr pGrm cpGr

so this ratio is proportional to 1/R. If R <0.20 #um then Fj,4 > F, and the radiation force will drive the

particles out of the solar system.

32.56. IDENTIFY and SET UP: Follow the steps specified in the problem.
EXECUTE: (a) E,(x,7)= E, e CF cos (kex — ar).
oE

a_xy = E e (—k)e ™ " cos(k x — ot) + Eppyy (—k,)e e sin(k x — o)
2

- 2 = Epa (+h2)e ™ o8k = 00) + Eppgy (+h0)e ™" sin(k x — or)
2

+E_ . (+k2)e " sin(k x — o) + E,,, (—k2)e " cos(k x — o).

o’E OE
- L= D, ke ' cos(kox - a). a—y =—E_. e " wsin(k.x— ax).
X t
o’E E
Setting 5 2y = ﬂjaty gives 2, k2e ¥ sin(k.x — ar) = p/pE,, e wsin(k.x — er). This will only be
x

2
true ifﬁzﬂ, or kc= %
o p \/ 2p

(b) The energy in the wave is dissipated by the i’R heating of the conductor.

E S0.
© E,=—2 = k=1, w=to /Z_p:\/2(l.72><10 2°m) _ 66010~ m.
e wu

k 272(1.0x10° Hz)

C
EVALUATE: The lower the frequency of the waves, the greater is the distance they can penetrate into a
conductor. A dielectric (insulator) has a much larger resistivity and these waves can penetrate a greater
distance in these materials.
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2
32.57. IDENTIFY: The orbiting particle has acceleration a = %

SETUP: K= %mvz. An electron has mass m, =9.11x 107! kg and a proton has mass

m, =1.67x107" kg.

dt

C(CN-mP(misY s s

(b) For a proton moving in a circle, the acceleration is

22 2 2,2 )
EXECUTE: (a){ 94 3}— € (m's”) _N m—J—W [dE}

67e)c

2 12 6 -19
=Y - 21 = 2(6.00x10 6\2)7(1'6X10 Jev) =1.53x10"° m/s. The rate at which it emits energy
R SmR (1.67x107°" kg)(0.75 m)

because of its acceleration is
dE _ q’a> _(1.6x107" €)*(1.53x10"° m/s?)
dt  6mec® 6776,(3.0x10° m/s)’
Therefore, the fraction of its energy that it radiates every second is
(dE/dt)(1s) _8.32x107 eV
E  6.00x10°eV

(c) Carry out the same calculations as in part (b), but now for an electron at the same speed and radius.
That means the electron’s acceleration is the same as the proton, and thus so is the rate at which it emits
energy, since they also have the same charge. However, the electron’s initial energy differs from the

-31
proton’s by the ratio of their masses: E, = E, Mo~ (6.00x10° eV)w
my, (1.67x107"" kg)

(dE/dr)(1s) _8.32x107 eV
E 3273 eV

6 -19
EVALUATE: The proton has speed v = 2E = 2(6.0x10 eV)(1.6§)7><10 Vev) =3.39x10" m/s. The
1y, 1.67x107°" kg

=1.33x1072% J/s =8.32x107° eVJs.

=1.39x107".

=3273eV. Therefore,

=2.54x107%

the fraction of its energy that it radiates every second is

electron has the same speed and kinetic energy 3.27 keV. The particles in the accelerator radiate at a much
smaller rate than the electron in Problem 32.58 does, because in the accelerator the orbit radius is very

much larger than in the atom, so the acceleration is much less.
2
. v
32.58. IDENTIFY: The electron has acceleration a = 3

SETUP: 1eV=1.60x10""" C. An electron has |¢|=e=1.60x10""" C.

EXECUTE: For the electron in the classical hydrogen atom, its acceleration is
v I 2(13.6eV)(1.60x107" 1/eV)

R ImR o (9.11x107 kg)(5.29%107" m)
of energy emission given in Problem 32.57:
dE _ g°a® _ (1.60x10”" €)*(9.03x10** m/s®)*
dt  67mey’ 67€,(3.00x10°% m/s)?

=9.03x10?* m/s®. Then using the formula for the rate

=4.64x107 J/s=2.89x10'" eV/s. This large value of

C;—E would mean that the electron would almost immediately lose all its energy!
t

EVALUATE: The classical physics result in Problem 32.57 must not apply to electrons in atoms.
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