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Chapter 8

Section 8-1: Reflection and Transmission at Normal Incidence

Problem 8.1 A plane wave in air with an electric field amplitude of 10 V/m is
incident normally upon the surface of a lossless, nonmagnetic medium with & = 25.
Determine:

(2) the reflection and transmission coefficients,

(b) the standing-wave ratio in the air medium, and

(¢) the average power densities of the incident, reflected, and transmitted waves.

Solution:

(a)

m="o=120n (£2), M= 7 S

SRR S B

From Egs. (8.82) and (8.9),

_M2—T1 _ 241 —120m _ -96
T Ta+m:  24m+120m 144
1=14T=1-067=0.33.

= —0.67,

(b

_ 14T _ 14067

= 1-|T] 1-067

(¢) According to Eqgs. (8.19) and (8.20),

¥ |EL2 100
&7 9me  2x 120w
St, = |T|2si, = (0.67)2x 0.13 = 0.06 W/m?,

= 0.13 W/m>,

215{“2 2T S-i 2 120 3 =0.07TW, 2
St — ﬂc == — o s s . — 0. -
av — I i M s 1 i 2 av (0 33) X 2 x 0.1 I

Problem 8.2 A plane wave traveling in medium 1 with g4 = 2.25 is normally
incident upon medium 2 with &, = 4. Both media are made of nonmagnetic, non-
conducting materials. If the electric field of the incident wave is given by

B = §4cos(6m x 10°r —30mx) (V/m),
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(2) obtain time-domain expressions for the ejectric and magnetic fields in each of

the two media, and
(b) determine the average power densities of the incident, reflected and transmitted

Waves.
Solution:
()
E' = §4cos(67 x 10°s —30mx)  (V/m),
Mo  To _ Mo 377_251339

M=8 T Ve 15 15
o _ 377
el = 18850,
T2 ., S
~Te-m _ 12-115 143,
M2+m1  1/2+1/1.5
T=1+T=1-0.143 = 0.857,

=TE' = —0.57§cos(6m x 10% +30mx)  (V/m).

&l:—:‘?

Note that the coefficient of x is positive, denoting the fact that E” belongs to a wave
fraveling in —x-direction.
E; = E'+E" = §[4cos(6m x 10°r — 30mx) — 0.57 cos(6m x 10°r + 30nx)]  (A/m),
: 4
H = zn_ cos(6m x 10°t — 30mx) = 215.91 cos(6m x 10°1 — 30mx)  (mA/m),
1

0.57
H = in— cos(6m x 10%¢ + 30mx) = 22.27 cos(6m x 10% +30mx)  (mA/m),
1

=W +H
= 2[15.91 cos(6m x 10° — 30mx) +2.27 cos(67 X 10°1 + 301x)]  (mA/m).

Since k; = @ /pe; and kr = ©\ /&>,

k2_1/22k1 \/ 30w = 40n  (rad/m),
1

=E'= y4’ccos(61t x 10°t — 40mx) = §3.43cos(6n x 10°7 — 40nx)  (V/m),
4
H,=H'= ﬁi*cos(ﬁmx 10% —40nx) = 218.19cos(6m x 107 — 40nx) (mA/m).
2

(®)

st "ii—L—QQS (mW/m?
= X T Tx 25133 AoL8  (mW/m,
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8L, = —|T?8L, = —2(0.143)? x 0.032 = —%0.65 (mW/m?),
_ &P
212
(4% . (0.86)%16

.
= % s =%31.17 (mW/m2).
e 2x1885 grat

L
Sav

Within calculation error, Sh, + Sk, = Sy

Problem 8.3 A plane wave traveling in 2 medium with €, = 9 is normally incident
upon a second medium with g, = 4. Both media are made of nonmagnetc, non-
conducting materials. If the magnetic field of the incident plane wave is given by

H = 22cos(2n x 10°r ~ky) (A/m),

(2) obtain time domain expressions for the electric and magnetic fields in each of

the two media, and
(b) determine the average power densities of the incident, reflected and transmitted
waves.
Solution:
{2) In medium 1,
¢ 3x 108
Up = —— = =1x10% (mfs),
e e
27 x 10°
ky=— =2 =20m (rad/m),
Uy 1x10
B = 22cos(27m x 10°%7 — 20my)  (A/m),
o 377
=—=—=125.678,
MEE T
To 377
M =—=—=188.50,
B B

E' = —$2n; cos(2n x 10°1 — 20my)
= —£251 34cos(2n x 10°r — 20my)  (V/m),

M- 188.5—125.67 _
m+m  188.5+12567
t=14T=1.2,
EF = —2251.34 x 0.2cos(27 x 10°z +20my)
= —%50.27 cos(2x x 10°t +20my)  (V/m),
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50.27

m
= —20.4cos(2m x 101 +20my) (A/m),

H =-2

cos(2x x 10°1 + 20my)

E} = Ei +E'
= —%[25.134cos(2% x 10° — 20my) + 50.27 cos(2x x 10°% +20my)]  (V/m),
H; = H'+ H' = 2[2cos(2n x 10% — 20my) — 0.4cos(2x x 10% +20my)] (A/m).

£ 4 401
k — -—-k = - T i
2= qf = 1 \/;x 20x 3 (rad/m),

E; =E'= —£251.341cos (21: x 10%7 — @)

= —%301.61cos (21?. X 109).' = ""é-—) (Vf!'ﬂ),

301. 4
H,=H'=2 I6Icos(2nx109r—$)

T2

In medium 2,

= 516605 (2:: X 10% — @) (A/m).

(B)

i _ . IE* . (251342 5
s — = = $251. /m?),
=3 Tny "~ T axizser ot (W)

Siy = —¥IT1%(251.34) = §10.05 (W/m?),
S, = §(251.34—10.05) = $241.29 (W/m®?).

Problem 8.4 A 200-MHz left-hand circularly polarized plane wave with an electric
field modulus of 10 V/m is normally incident in air upon a dielectric medium with
€ = 4 and occupying the region defined by z > 0.
(a) Write an expression for the electric field phasor of the incident wave, given that
the field is a positive maximum at z = O and 1 = 0.
(b) Calculate the reflection and transmission coefficients.
(¢) Write expressions for the electric field phasors of the reflected wave, the
transmitied wave, and the total field in the region z < 0.
(d) Determine the percentages of the incident average power reflected by the
boundary and transmitied into the second medium.
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Solution:
(a)
® 2mx2x10%8 4=n
k _———= ——_——
1= 3x 108 3 Rd/m.
s} W 41 8
ky = — = — /By = —VA=— :
" & g, 3 V4 3 Tad/m
LHC wave:

E' = ag(&+9e?)e I = ao(%+ j9)e,
El(z,1) = Ragcos(at —kz) — Jag sin(wr —kz),
|E}| = [} cos®(wt — kz) + ag sin®(wr — kZ)]?=ap=10 (V/m).

Hence,
B = 10+ j§)e 7 (Vim).
(b)
m=mo=120n (Q), M= 3% = ’323=60n (Q).
Equations (8.82) and (8.9) give g
_mp-m _60m-120m_-60_ 1 .. 2 g
T Ma+m 60m+120m 180 ~ 37 - =3 ;
= - 1 ; 3
Ef = 100(3 + j§)e/* = *Eo(ﬁ+j?)9’4’“’ 3 (Vim),
— o 2 = - 3
E' = 100(x+ j§)e = = %i—%:y)e Bmf3 (Vim),
E, = E'+E = 10(2+ j§) [e—ﬂmﬁ _ %e;m;s] (V/m).
(@

0
% of reflected power = 100 X = _1_% =11.11%,

2
. i 3 1201
% of tted =100 28 —100x|{= = 88.89%.
of transmitied power x |1} = X (3) X o °
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Problem 8.5 Repeat Problem 8.4 after replacing the dielectric medium with a poor
conductor characterized by & = 2.25, g = 1,and 6 = 107* S/m.

Solution:
(a) Medium 1:

co*27t><2x103 _4x

m =no=120n (Q), ky = T T (rad/m).

Medium 2:

G2 10~4 % 367 -
— =4x107°.
©g; 2mx2x108x2.25x10-%

Hence, medium 2 is a low-loss dielectric. From Table 7-1,

—

z 2 Ve
_02120n_op 120m _107* 120m
T2 e 2 VRBT 2 718

By = @8 = % =2n (rad/m),

T JjS2 120m ) gy A2
— e 1 e i R 1 10 e ,_.-..8 <
M2 1182(-!-2 2)—~\/_2(+;2x ) = 5 = 8on (Q)

=1.26x10"2 (NP/m),

LHC wave:
E' = ao(2+ j§)e %,
[E|=ao=10 (V/m),
E' = 10(&+ j9)e ™ (Vim).
(b) According to Egs. (8.82) and (8.9),

_TMe—Th _ 80mr—120n _
T Ma+m ~ 80m+120m

02, 1=1+T'=1-02=0.38.

©
EF = 10T(2+ j§)e*? = —2(%+ j§)e/*™/® (Vim),
E' = 10t(2 4+ j§)e~ %% = §(% + j§)e~ 126X 1072~ 2 (V/m),
E, =E +E = 10(&+ j§)le*™/% —0.2¢7=/3]  (V/m).
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(&)
% of reflected power = 100|T]° = 100(0.2)* = 4%,

120
% of transmitted power = 100[1’[22-1— = 100(08)? x —=— = 96%.
2

Problem 8.6 A 50-MHz plane wave with electric field amplitude of 30 V/m is
normally incident in air onto a semi-infinite, perfect dielectric medium with & = 36.
Determine (a) I, (b) the average power densities of the incident and reflected waves,
and (c) the distance in the air medium from the boundary to the nearest minimum of
the electric field intensity, |E|.

Solution:
(a)

120w

g

M2 12
™ =To T () M=,/ —— 3 (£2)
MT—"1  20m—120x
I= = = -0.71.
M +7; 20m+120% o4
Hence, |T| = 0.71 and 8, = 180°.
(b)
) i2 2
S;.v — |E{}| — (30) =1.19 (mez),

2m;  2x120¢m
ST, =TSk, = (0.71)2x 1.19=0.60 (W/m?).

{¢) In medium 1 (air),

c 3x10%
M=EE o T o
From Egs. (8.168) and (8.17),
_8M  m®x6
e = 4~ 4w -
M

Imin = lmax — & S la=las= 0 m (at the boundary).

Problem 8.7 What is the maximum amplitude of the total electric field in the air
medizm of Problem 8.6, and at what nearest distance from the boundary does it
occur?
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Solation: From Problem 86, '=-07landh=6m.

B |max = (1+ |T))E = (1+0.71) x 30 = 51.3 V/m,

IM_T]-'[_-_ 4]_{ —I.Sm.

Problem 8.8 Repeat Problem 8.6 after replacing the dielectric medivm with a
conductor withe, = 1, g = 1, and 6 = 2.78 x 10-3 S/m.

Solution:
(a) Medium 1:
¢ 3x108
=To =120m =377 (Q), === = 6m,
M =T7o 377 () 1= P =g = om
Medium 2:

G2  2.78x1073x36% _
®We  2mX5x107 x10-9

Hence, Medium 2 is a guasi-conducior. From Eq. (7.70),

-1/2 ~1/2
2 %’) ( .Gz)
S L . =120m{1- ;52
T & ( 18,2 J 3

= 120m(1 — j1)~1/2
= 120n(v2)~12e7225° = (292 88 + j12131) (Q).

M2 —m1 _ (292.88+ j121.31)—377 ,
I'= = =—0.09+j0.12 = 0.22/114.5°_
M2+M  (292.88+ j121.31)+377 +/0.12=0

®)

- "
lZEg{; =2><31201t=1'19 (W),

S:iav =
ISav] = 7185 = (0.22)%(1.19) = 0.06  (W/m?).
(¢) In medium 1 (air),

¢ _3x108
o 5x107

}\.1= =6 m.
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For 6, = 114.5° = 2 rad, Egs. (8.16) and (8.17) give

oA (0Ar  2(6) , .
lmax = am T 2 -4 sk,
A 6
zm-m=zm—zl=3—zz3—1.5=1.5m.

Problem 8.9 The three regions shown in Fig. 8-32 (P8.9) contain perfect
dielectrics. For a wave in medium 1 incident normally upon the boundary at z = —d,
what combination of &, and d produce no reflection? Express your answers in terms
of &, &, and the oscillation frequency of the wave, f.

Mcdium 3

&

Figure P8.9: Three dielectric regions.

Solution: By analogy with the transmission-line case, there will be no reflection at

z = —d if medium 2 acts as a quarter-wave transformer, which requires that
Ay
d=—
4
and
T2 = +/MiN3

The second condition may be rewriiten as

1/2
To _ | Mo ™o _
o= “[\/‘sn \/8-3] Sy
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= A0 - ¢
2= I Tt

and
¢

d= ——— -
4]'(8{18;3)”4

Problem 8.10 For the configuration shown in Fig. 8-32 (P8.9), use transmission-
line equations (or the Smith chart) to calculate the input impedance at z = —d for
g, =1, 8,=9 &= 4, d =1.2m, and f = 50 MHz. Also determine the fraction
of the incident average power density reflected by the structure. Assume all media
are lossless and nonmagnetic.

Solution: In medium 2,

Ao c 3x108
H= = = =2m.
o S Al 3
Hence,
2n
B;:l—zﬂrad!m, Bod = 1.2nrad.
2
At z = —d, the input impedance of 2 transmission line with load impedance Zp is

given by Eq. (2.63) as

Zu(—d) = Zo (ZL-E-J'Zotaﬂﬁzd) _

Zo + jZy tanBad

In the present case, Zo = M2 = No/+/Ex = Mo/3 and Z = M3 = Mo/+/Ery = Mo/2,
where 1o = 1207 (Q). Hence,

Zn(—d) ="z (

Tl3+jﬂ2ianﬁzd) _To (% +j(3)tanl2m
5

: - = 10(0.28 + jO.11).
N2 + jniz tan Bod %+j(%)tan1-2n) ol jo-11)

Atz = —d,

_ Zn-=Zi _M0(0-284+j0.11)-M0 _ (5 -j2162

I'= =
Zn+Z1  To(0-28+ jO.11)+mo

Eraction of incident power reflected by the structure is |T|2 = [0.571*=0.33-

Problem 8.11 Repeat Problem 8.10 afier interchanging & and &,.
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Solution: In medium 2,

Ao c Fw10°
}\, = = e =2m.
V& fE  5x107x3
Hence,
21
B = .= 7 rad/m, Brd = 1.2m rad.
2

At z = —d, the input impedance of 2 transmission line with impedance Z;_ is given as
Eq. (2.63),

Za(~d)= 2o ( 4+ jZgtanpd ) .

Zy + jZy tanB2d

In the present case, Zp = Nz = Mo/+/E, = Mo/3, ZL = T3 = Mo/+/&, = Tlo, Where
o = 1207 (Q). Hence,

T3+ jMatan 1.2
(Y =
Zal—d)=Te (ﬂ2+jﬂ3tan1-2n)

_ Mo (1+(j/3)tanl.2n
-3 ((1/3)+jtan1.211:)
__ [14(j/3)tanl2r
_“"( 1+ 3tanl.2n

) = (0.266 — j0.337)mo = 0.43Mp£=5L7".

R w5177 L
_ Zn—2Z; 043 S 4G

r= =
Zn+Zi 0434517 +1

Fraction of incident power reflected by structure is |T|? = 0.24.

Problem 8.12 Orange light of wavelength 0.61 pm in air enters a block of glass
with g = 2.25. What color would it appear to a sensor embedded in the glass? The
wavelength ranges of colors are violet (0.39 to 0.45 pm), blue (0.45 to 0.49 um),
green (0.49 to 0.58 pm), yellow (0.58 to 0.60 ym), orange (0.60 to 0.62 ym), and red
(0.62 t0 0.78 gm).

Solution: In the glass,

~9£—1 = 0.407 zm.

}L. — ﬁ =
VE V225
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The light would appear violet.

Problem 8.13 A plane wave of unknown frequency is nommally incident in air upon
the surface of a perfect conductor. Using an electric-field meter, it was determined
that the total electric field in the air medium is always zero when measured at a
distance of 2.5 m from the conductor surface. Moreover, no such nulls were observed
at distances closer to the conductor. What is the frequency of the incident wave?

Solutiom: The electric field of the standing wave is zero at the conductor surface,
and the standing wave pattern repeats itself every A /2. Hence,

'y
E:z.im, orA=235m,

in which case

3x 108

f= =6 x 107 = 60 MHz.

=l

Problem 8.14 Consider a thin film of soap in air under illumination by yellow light
with & = 0.6 pm in vacoum. If the film is treated as a planar dielectric slab with
g = 1.72, surrounded on both sides by air, what film thickness would produce sirong
reflection of the yellow light at normal incidence?

Solutiom: The transmission line analogue of the soap-bubble wave problem is shown
in Fig. P8.14(b) where the load Z; is equal to Tjp, the impedance of the air medium
on the other side of the bubble. That is,

377

=377, = = 287.5 Q.
o 1 \/T.'TZ
The normalized load impedance is
L= o 8 B 1
L

For the refiection by the soap bubble to be the largest, Z;, needs to be the most

different from T)g. This happens when z;_ is transformed through a length A./4. Hence,

- A kA _ 0.6pm

T4 4E 4172

where A is the wavelength of the soap bubble material. Strong reflections will also
occur if the thickness is greater than L by integer multiples of nA/2 = (0.23 ) pm.

= 0.115 ym,




Yellow Light

—_— e

A= 0.6 um

~——

(a) Yellow light incident on soap bubble.

No=377Q T % Z =mo=3772Q

i

(b) Transmission-line equivalent circuit

Figure P8.14: Diagrams for Problem 8.14.

Hence, in general
L=(0.115+023n) pm, =0 B, 200

According to Section 2-7.5, transforming a load 7 = 377 £ through 2 A /4 secton
of Zy = 287.5 O ends up presenting an input impedance of

7z (2873)
n = =2 = L = 219.25Q.
Zan Zy 377 —

This Zy, is at the input side of the soap bubble. The reflection coefficient at that

interface is
Zu—Tp _ 21925 377 _

= Zotmo  21925+377
Any other thickness would produce a refiection coeffficient with 2 smaller magnitude.

-0.27.

Problem 8.15 A 5-MHz plane wave with electric field amplitude of 20 (V/m) is
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normally incident in air onto the plane surface of a semi-infinite conducting material
with &, = 4, = 1, and o = 100 (S/m). Determine the average power dissipated
(lost) per unit cross-sectional area in a 2-mm penetration of the conducting medium.

Solution: For convenience, let us choose E' to be along & and the incident direction

to be +Z. With

© 2mx5%x10° =
h=—m=———— = —

= 3108 30 ‘Bdm

we have
i g s PR
E'=%20cos (‘mx 10'r 30z) (Vim),
=M= 8
From Table 7-1,

(o] 100 x 36m

= =9 4
weeg  mx 107 x4x107° % B

EH'
2

which makes the material a good conductor, for which

On = A/ Tfuc = Vx5 % 106 x 4nx 107 x 100 = 44.43 (Np/m),
By, =44.43 (rad/m),

O L4443 ;
“"2=(1+})?2=(1+J)T&T=0'44(1+})Q‘

According to the expression for Say, given in the answer to Exercise 8.3,

EL? 1
Sa\'g = ilTIz-l—-i 6_2‘121 Re (—';*') F
2 )

The power lost is equal to the difference between Say, at 2= 0 and 8y, at z = 2 mm.
Thus,

P’ = power lost per unit cross-sectional area
= Sav,(0) — Sav,(z = 2 mm)
= I'zlz‘—E-zé-E Re (é“;) {1 20en]
where z; = 2 mm.

t=1+T .
M- _, 0.44(14j)-377

=1+ - :
N2+ 0.44(1+ j)+377

~0.0023(1 + j)=3.3x 1073/,
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1 1
Rel| — | =Re T
IR O
_ 1 _ 147\ _ 1 _
"me(o.44(1_j)) = e (0.44><2) =oss %

P =(33x10"3 )zg x 1.14[1 — ¢~ 2¥443x2x1071 — 4 04 x 10~ (W/m?).

Problem 8.16 A 0.5-MHz antenna carried by an airplane flying over the ocean
surface generates a wave that approaches the water surface in the form of a2 normally
incident plane wave with an electric-field amplitude of 3,000 (V/m). Sea water is
characterized by & = 72, iy = 1, and ¢ = 4 (S/m). The plane is trying to communicate
a message to a submarine submerged at a depth d below the water surface. If the
submarine’s receiver requires a minimum signal amplitude of 0.1 (#V/m), what is the
maximum depth 4 to which successful communication is still possible?

Solution: For sea water at 0.5 MHz,

4 4x36
S o i = 2000.
g e 2nx0.5x10%x72x10~°
Hence, sea water is a good conductor, in which case we use the following expressions

from Table 7-1:

Oy = +/Tfuc = VEx0.5x 106 x 4nx 10-7 x 4 = 2.81 (Np/m),
B =2.81 (rad/m),

Lo L 2.81 X
ey = (1+7) = = (14)) - =07(1+/) Q,
o ey QT =377
T me+my 0.7(14+)+377
T=1+4T = 5.24 x 107354489

|EY = [tE} e,

(—0.9963 + j3.7 x 1073),

We need to find the depth z at which |E' = 0.1 yV/m = 10~7 V/m.
1077 =524x1073x3 x 10372814,
e384 = 636 % 1077,
—2.81d = In(6.36 x 10~ = —18.87,

or
d=67 (m).

= ./:':"
A
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Sections 8-2 and 8-3: Snell’s Laws and Fiber Optics

Problem 2.17 A light ray 1s incident on a prism at an angle 8 as shown in Fig.

8-33 (P8.17). The ray is refracted at the first surface and again at the second surface.

In terms of the apex angle ¢ of the prism and its index of refraction », determine
the smallest value of @ for which the ray will emerge from the other side. Find this
' minimum 6 for » = 1.5 and ¢ = 60°.

Figure P8.17: Prism of Problem &.17.

Solution: For the beam o emerge at the second boundary, it is necessary that
83 < 8,
where sin€. = 1/n. From the geometry of triangle ABC,
180° = ¢+ (90° —62) +(90° —63),

or 82 = ¢ — 85. At the first boundary, sin@ = nsin®,. Hence,

siROmin = nSin(¢— 93) = nsin (({)_ Sin_l (%)) :

a0 (2.

For n = 1.5 and ¢ = 60°,

or

Omin = sin™ ! [1 .55in(60° — sin~! (11—5)] =27.92°.
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Problem 8.18 For some types of glass, the index of refraction varies with
wavelength. A prism made of a material with

4 .
=1 Tl— 55;\’0’ (Ao in pm),

where A is the wavelength in vacuum, was used to disperse white light as shown in
Fig. 8-34 (P8.18). The white light is incident at an angle of 50°, the wavelength Aq of
red light is 0.7 zan and that of violet light is 0.4 zm. Determine the angular dispersion
in degrees.

Figure P8.18: Prism of Problem 8.18.

Seolution: For violet,

4 ) sin@ sin50°
n\,—-1.71—§6x0.4=1.66, siny = =166

or
8, = 27.48°.
From the geomeiry of iriangle ABC,
180° = 60° + (90° — ©3) +(90° — 83),
or
85 = 60° — 8, = 60 —27.48° = 32.52°,
and

sin8,; = nysin8s = 1.66sin32.52° = 0.89,




282 CHAPTER 8

or

B84 = 63.18°.
For red,

4
nr=171-— 30 ¥0.7=162,

_ . _p [sin50°
82 = s [_1.62
83 = 60° — 28.22° = 31.78°,

8, = sin™'[1.625in31.78°] = 58.56°.

} = 28.22°,

Hence, angular dispersion = 63.18° — 58.56° = 4.62°,

Problem 8.19 The two prisms in Fig. 8-35 (P8.19) are made of glass with n = 1.52.
What fraction of the power density carried by the ray incident upon the top prism
emerges from bottom prism? Neglect multiple internal reflections.

Figure P8.19: Periscope problem.

Solution: Using 1 =T /n, at interfaces 1 and 4,

-0.21.

CL=t=m _ =182
a_nl-i—nz T 1+152

—___
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At interfaces 3 and 6,
= -1, =021.

At interfaces 2 and 5,

B = sin™! (%) =sin~! (113) = 41.14°.

Hence, total internal reflection takes place at those interfaces. At interfaces 1, 3,4
and 6, the ratio of power density transmitted to that incident is (1-T2). Hence,

557 = (1=T2)* = (1 - (0.21)%)* = 0.835.

Problem .20 A light ray incident at 45° passes through two dielectric materials
with the indices of refraction and thicknesses given in Fig. 8-36 (P8.20). If the ray
strikes the surface of the first dielectric at 2 height of 2 cm, at what height will it strike
the screen?

r[-i:] e = 1.5

'
3

" 3cm

Figure P8.20: Light mc:qdem on 2 screen through a multi-layered dielectric (Problem
8.20).

Solution: x
sin®; = —smel ﬁsin45° = 0.47.

Hence,

9, = 28.13°,
h;=3cmxtanB; =3 cmx0.53 = 1.6cm,

. N 1.5 .
sin8s; = z—z sing, = 3 sin28.13° = 0.54.
3 =




?.
7
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Hence,
03 = 32.96°,
hy =4 cm x 1an32.96° = 2.6 cm,
sin8s = — sin®; = 0.707.
n4
Hence,

B, = 45°,
hys=5cmXitand5° =5 cm.

Total height = hy +hy +hs +hs = (2+1.64+26+5)=11.2cm.

Problem 8.21 Figure P8.21 depicts a beaker containing 2 block of glass on the
bottom and water over it. The glass block contains a small air bubble at an unknown
depth below the water surface. When viewed from above at an angle of 60°, the air
bubble appears at 2 depth of 6.81 cm. What is the true depth of the air bubble?

60°! @
——x —w-:

<. :
.

Figure P8.21: Apparent position of the air bubble in Problem 8.21.

Solution: Let

d, = 6.81 cm = apparent depth,
d'[ = e depth.
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8, = sin™} [ﬂ sin®;| = sin™! LsinnS'O" = 40.6°,
n2 1.33

85 =sin™! [”—‘sinei] = sin~} isinﬁO"] =32.77°,
n3 1.6

x; = (10 cm) X tan40.6° = 8.58 cm,
x = d,cot30° = 6.81cot30° = 11.8 cm.

Hence,
xp=x—x = 11.8—8.58=3.22cm,

and
dy = x2c0t32.77° = (3.22cm) X cot32.77° = 5 cm.

Hence, d; = (10+5) = 15cm.

Problem 822 A glass semicylinder with n = 1.5 is positioned such that its flat face
is horizontal, as shown in Fig. 8-38 (P8.22). lts horizontal surface supports 2 drop of
oil, as shown. When light is directed radially toward the oil, total internal reflection
occurs if © exceeds 60°. What is the index of refraction of the 0il?

oil drop

Figure P8.22: Oil drop on the flat surface of a glass semicylinder (Problem 8.22).

Solution:

. 12 floil
$inf, = = ==&,
ny 1.5

nep = 1.5sin60° = 1.3.
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Problem 8.23 A penny lies at the bottom of a water fountain at a depth of 30 cm.
Determine the diameter of a piece of paper which, if placed to float on the surface of

the water directly above the penny, would totally obscure the penny from view. Treat
the penny as a point and assume that #» = 1.33 for water.

Solution:

water surface
i

F:

30 cm

Figure P8.23: Light cone bounded by total internal reflection.

8. =sin~! [-1%] = 48.75°,

d = 2x = 2[(30 em)tan8.] = (60 cm) x tan48.75° = 68.42 cm.

Problem 8.24 Suppose the optical fiber of Example 8-5 is submerged in water (with
n = 1.33) instead of air. Determine 8, and f;, in that case.

Solution: With 7o = 1.33, n¢ = 1.52 and n. = 1.49, Eq. (8.40) gives

; 1 1 1/2
Q= 2__ 231/2 g, ST 52 2‘_‘_ B 2 = 0.
sin8, m(nf n2) T [(1.52)2—(1.49)7] 0.23,

or

8, =13.4°.
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The data rate f, given by Eq. (8.45) is not a function of 79, and therefore it remains
unchanged at 4.9 (Mb/s).

Problem 825 Equation (8.45) was derived for the case where the light incident
upon the sending end of the optical fiber extends over the entire acceptance cone
shown in Fig. 8-12(b). Suppose the incident light is constrained to a narrower range
extending between normal incidence and &', where €' < 8,.

(a) Obtain an expression for the maximum data rate fj, in terms of 6.

(b) Evaluate f, for the fiber of Example -5 when €' = 3°.

Solution:
{a)For §; = &',
: L .
sin@; = —sing,
g i
E e I I I : Ins
max — —— = —— — 9
cos2  /1—sin’8; 1— (s'ma’)2 1/ n% —(sin€)?
af
_ Imax _ Imax?s f?l%
Imax = — s s
“p € cy/n? — (sin®')?
[
zmij: el iﬁ R
Up £

S —— 1
y/n? —(sin®')?

=

1 c ng ;

fp = —= -1 (bits/s).
2v 2ns | /2 —(sing')?

(b) For:
ny=1.52,
9." — 30’
{=1km,
c=3x 10% m/s,

fo=166.33 (Mbls).

b
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Sections 8-4 and 8-5: Reflection and Transmission at Oblique Incidence

Problem 8.26 A plane wave i air with
E' = §10e7/5+9)  (V/m),

is incident upon the planar surface of a dielectric material, with & = 4, occupying the
half space z > 0. Determine:

(a) the polarization of the incident wave,

(b) the angle of incidence,

(¢) the time-domain expressions for the reflected electric and magnetic fields,

(d) the time-domain expressions for the transmiited electric 2nd magnetic fields,

and
(e) the average power density carried by the wave in the dielectric medium.

Solution:

(a) E' = §10e~703+42) vy,

Since E! is along %, which is perpendicular to the plane of incidence, the wave is
perpendicularly polarized.

(b) From Eq. (8.482), the argument of the exponential is

— jki(xsin®; +zcos8;) = — j(3x+4z).

Hence,
kysin8; = 3, ky cos®; = 4,

from which we determine that

3
an6; = " or B; = 36.87°,

and
ky =+/32+4+42=5 (rad/m).
Also,
w=upk=ck=3x108x5=1.5%x10° (rad/s).
(€}
Ny=Te=377T1,
Tlo Mo
=—=—=188.50,
T2 % 2
8. = sin”! [smei} — sin-! [sm36-87 ] — 17.46°,
Ve Va
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T c0s8; — M3 cos S,
= = —0.41,
T2 cos9; + 1y cos O
T = 1+TJ_ =0.59.

Tn accordance with Eq. (8.492), and using the relation £f = TiE.,
Er =—§4.1e” '(3::—4:}’
-~ 4.1 _.
H = (&cosB; +2Zsind;) — g~ i34
Mo
where we used the fact that 6; = 8, and the z-direction has been reversed.
Ef = Re[Ere/™] = —§4.1cos(1.5x 10°%t = 3x+4z) (V/m),
BF = (£8.70+26.53) cos(1.5 x 10°t —3x+4z) (mA/m).

{(d) In medium 2,

kg:k”/z—? =5V4=10 (rad/m),

8, = sin™! [1/E—Isin8i] = sin~} [1 sin36.87°] = 17.46°
& Z

and the exponent of E' and H' is

—~ jkp(xsin®; +zcos8;) = — j10(xsin17.46° +zc0s17.46°) = —j(3x+9.54z).

Hence,

B! = §10 x 0.59 ¢~ /(3+9-542),
"= (—%cos B, +2sin;) we—j[k+9.54z)-
E' = Re[E'e/®] = §5.90c0s(1.5 x 10°% —3x—9.54z) (V/m),

H' = (—%cos17.46° +2sin17.46°) o) cos(1.5 x 10° —3x— 9.54z)

188.5
= (—%29.86+29.39) cos(1.5 x 10°1 —3x—9.54z) (mA/m).

« _IBP _ (5907

= 2
™= n, = 2x1s8s ~ 000 (W
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Probiem 8.27 Repeat Problem 8.26 for a wave in air with

B = §2x 10727786 (A/m),

incident upon the planar boundary of a dielectric medium (z > 0) withg, = 9.

Solution:

(@) B = §2x 10~2—/(8x+67),

Since H is along #, which is perpendicular to the plane of incidence, the wave is
TM polarized, or equivalently, its electric field vector is parallel polarized (parallel to
the plane of incidence).

(b) From Eq. (8.65b), the argument of the exponential is

— jk(xsin8; + zcos8;) = — j(8x+ 62).

Hence,
k] Sil'lei = 8, k; COSBi = 6,

from which we determine

8 =tan~! (g) =53.13°,

. =V +8 =10 (rad/m).

. Also,
O=uk=ck=3x10®x10=3x10° (rad/s).
©
M =To= 3778,
Mo To
=———=-==125670,
=" 8
sin & sin53.13°
e [ ] T [___.#] = 15.47°,
‘ VEn V9
s T2cosB — My cosE; =030,
M2 cos B+ 1) cosd;
COSei
=(1+T, = 0.44.
o =1+1y) cos B,

In accordance with Egs. (8.65a) to (8.65d), E = 2 x 10~2n, and

B = (Rcos8; —2sin®;)2 x 1072, ¢ 78463 = (24 52 — 36.03) e~ /(85+62),
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T is similar to E' except for reversal of z-components and multiplication of amplitude
by I"". HGHCS, with I‘” = —0.30,

E' = Re[E /] = —(%1.36 + 21.81) cos(3 x 10°s — 8x+62) V/m,
B = §2 x 1072 cos(3 x 10°7 — 8x+62)
= —$0.6x 107 2cos(3 x 10° — 8x+ 6z) A/m.

(d) In medium 2,
ko = ki /2—2 = 10v/9 = 30 rad/m,
1

i
8, = sin™* [1 / 2—2 sin@i] =sin~} [5 sin53.13°] = 15.47°,
1

and the exponent of E* and H' is

— jlp(xsin®; + zc0s8;) = —j30(xsin15.47° +zcos 15.47°%) = —j(8x+28.91z).

Hence,
= (%cos 8, —Zsin BI)E{"}’;;”e—j(sts.gl z)
= (£0.96 — 20.27) 2 X 1072 X 377 x 0.44 ¢~/ (E+78912)
— (23_18 s 20_90) e—j{&x+28.9lz}’
ft=¢ 0% o~ i(85+28.912)
T2
= $2.64 x 10—Ze-j{5x+28.911}’
E' = Re{E'e/*}
= (£3.18 —20.90) cos(3 x 10° — 8x—28.912) V/m,
H' = §2.64 x 10™2cos(3 x 10° — 8x— 28.91z) A/m.
()

o _IBP_IHP_ (264x102)

S S x 125.67 = 44 mW/m”.

Problem 828 Natural light is randomly polarized, which means that, on average,
half the light energy is polarized along any given direction (in the plane orthogonal
to the direction of propagation) and the other half of the energy is polarized along the




e
R
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direction orthogonal to the first polarization direction. Hence, when treating natural
light incident upon a planar boundary, we can consider half of its energy to be in
the form of parallel-polarized waves and the other half as perpendicularly polarized
waves. Determine the fraction of the incident power reflected by the planar surface
of a piece of glass with n = 1.5 when illuminated by natural light at 70°.

Solution: Assume the incident power is 1 W. Hence:
Incident power with parallel polarization =05W,
Incident power with perpendicular polarization =0.5W.
£2/€1 = (n2/m)? = n* = 1.5% = 2.25. Equations (8.60) and (8.68) give

_ €os70°—+/2.25— sin? 70°

T = = —0.55,
cos70° + v/2.25 — sin> 70°
I_” _ —2.25c0s70° + v/2.25 — sin* 70° 021
2.25¢c0s70° + 1/2.25 — sin® 70°
Reflected power with parallel polarization =0 5(TyF

=0.5(0.21)> = 22 mW,
Reflected power with perpendicular polarization = 0.5(T)?
= 0.5(0.55)®> = 151.3 mW.
Total reflected power = 22+ 151.3 = 173.3 mW, or 17.33%..

Problem 8.29 A parallel polarized piane wave is incident from air onto a dielectric
medium with & = 9 at the Brewster angle. What is the refraction angle?

Figure P8.29: Geometry of Problem 8.29.

Solution: For nonmagnetic materials, Eq. (8.72) gives

91=BB=tan“l1f:—i=tan'13=71.57°.
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But
5in6, = sinB; _ sin 9, - sin71.57 — 032,
NG 3 3
or &, = 18.44°.

Problem 8.30 A perpendicularly polarized wave in air is obliquely incident upon
a planar glass-air interface at an incidence angle of 30°. The wave frequency 1s
600 THz (1 THz = 10'2 Hz), which corresponds to green light, and the index of
refraction of the glass is 1.6. If the electric field amplitude of the incident wave is 50
V/m, determine

(a) the reflection and transmission coefficients, and

(b) the instantaneous expressions for E and H in the glass medium.

Solution:
(2) For nonmagnetic materials, (£2/€1) = (m /m1)?. Using this relation in Eq.
(8.60) gives

cos8; — 1/ (n2/ny)2 —sin®@;  cos30°—4/(1.6)*— sin® 30°

_ costi—y/(mafm P —sin®s _ J(16) o
cos@; + \/ (na/m)? — sin?®; cos30°+4/(1.6)2— sin” 30°

1, =147, =1-0.27=0.73.

Ty

(b) In the glass medium,

; ing; in30°
sing; = E?:iz_l = 511'11 e = 0.31,

or 9]; = 18.210.

120m

15 = e S s dRS6E 18,

£ m 1.6

1z

@ _2mf _2nfn  2mx800x107X16 _ o 40 106 radim,
uy ¢/n c 3x 108

EL =1, Eb = 0.73 x50 = 36.5 V/m.

k2

From Egs. (8.49¢c) and (8.494d),
EI_L - ?Eée—jkg(xsineg-i-zcosei),

— t a .
H‘_L = (—icos 8.+ isin&) gﬁewjb(xm&-ﬂcm@d ,
2
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and the corresponding instantaneous expressions are:

E! (x,2.1) = §36.5cos(@t — koxsin8, — kozcos8) (V/m),
H' (x,z.1) = (—%cos8, — 2 c0s8:)0.16 cos(@? — kaxsin 8, — kyzcos &) (A/m),

with @ = 27 x 10" rad/s and k> = 6.47 x 10° rad/m.

Problem 831 Show that the reflection coefficient I") can be written in the form
+ 7 sin(6,+ 6;)
Solution: From Eq. (8.582),

__ Tz2cos8; — 1 cosb, _ (m2/M1)cosB; —cos B,
" TMacos®;+m;cosd, (M2/n1)cos8; +cosB,

Using Spell’s law for refraction given by Eq. (8.31), we have

M2 _ sin;
1 N sinﬁi’

we have

ro= sin€;cos8; — cos 6, sin §; _ sin(8,—&;)
e sin8;cos0; +cos8;sin®; ~ sin(6,+6;)

Problem 8.32 Show that for nonmagnetic media, the refiection coefficient [ can

be written in the form

'~ e+ o)
Solution: From Eg. (8.662), T’y is given by

_ T2cos8 —n;cos®; _ (M2/m;)cos B, — cos6;
"~ Tpcos8 +1;cos8; (M2/7M1)cos8; +cosB;

Ty
For nonmagnetic media, y; = u = g and

n_ fa_m

M & ny
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Snell’s law of refraction is .
sin6; np

sin 81 %)

Hence,

i cos B, — coso;
sin®; £ ' sinB;cos & —sin6;cos&;
sin 8, sinB;cos ©, +sinB;cos9;

sin6;

=

cosB; +cosg;
To show that the expression for I'j; is the same as

'™ tn(e+6;)’
we shall proceed with the latter and show that it is equal to the former.

tan(8,—©;)  sin(6; —8;)cos(B;+ ;)
tan(6;+8;)  cos(8,— 6;)sin(6;+6;)

Using the identities (from Appendix C):
2sinxcosy = sin(x+y) + sin{x—y),

and if we let x = 8, — €; and y = 8;+ &; in the numerator, while letting x = 6, +6; and
y = 8; — 8; in the denominator, then

tan(8, —6;) _ sin(206,) + sin(—26;)

tan(6;+8;)  sin(26;) +sin(28;) °

But sin28 = 2sin6cos 8, and sin{( —8) = —sinb, hence,

tan(6;—©;)  sin®,cos8; — sin®;cos &;
tan(6,4+9;) ~ sin6,cos®; + sinB;cos6; ’

which is the intended result.

Problem 833 A parallel polarized beam of light with an electric field amplitude of
20 (V/m) is incident in air on polystyrene with yr = 1 and g = 2.6. If the incidence
angle at the air—polystyrene planar boundary is 50°, determine
(2) the reflectivity and transmissivity, and
(b) the power carried by the incident, reflected, and transmitted beams if the spot
on the boundary illuminated by the incident beam is 1 m? in area.
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Solution:
(2) From Eq. (8.68),

—(€2/€;1)cos8; + \/(82/81) — sin®§;

(82/81)008&-!- (82/81)—sin29i

—2.6¢0s50° + 1/2.6 — sin* 50°

= = -0.08,
2.6¢0s50° 4 /2.6 — sin® 50°

Ry = |Ty> = (0.08)? = 6.4 x 1073,
Ti} = 1-—R; =0.9936.

ny=

(b)

|E|i[oE2 (20)2
P — ? = 0.
| = 7 AcosB; %12 X cos 50 0.34 W,

Pi=RyF =(64x107%)x034=22x1073W,
Pj = TR} = 0.9936 x 0.34 = 0.338 W.

Sections 8-6 to 8-8: Geometric Optics

Problem 8.34 A man is 2 m tall. How long should a mirror be, when placed in
front of him at a distance 4, in order for him to have a full-length view of his refiected
image? Does the answer depend on d?

L

| I
4

Figure P8.34: For the man to be able to see his feet, the mirror must be at least half
the man’s height.

Solution: The mirror needs to be only half his height and positioned as illustrated in
the figure. The distance 4 is irrelevant.
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Problem 8.35 A gas flame is 2 m from a screen, as shown in Fig. 8-39 (P8.35). A
concave mirror is used to produce on the screen a real image of the flame, magnified
four times. Determine s and the focal length of the mirror.

Concave
Screen

o § e} 2m ]

Figure P8.35: Imaging configuration of Problem 8.35.

Sclution: From Table 8-4, if the image is real and magnified, then the object has to
be between f and 2f from the mirror. Also, the image is inverted and at §' = s+ 2.
Hence,

which gives f = 0.53 m.

Problem 836 A dentistuses a concave mirror with a radius of curvature of 6 cm to
view a filling in a tooth. If the mirror is placed at 2 cm from the tooth, by how many
times will the image of the filling be magnified?

Solution:

R=2f=6cm,

s=2cm,



|
&
£
;w.
&

298 CHAPTER &

1,11
s 8 f
1,11
F s 3
which vields s’ = —6 cm. Hence,
s -6
M:——:——:
s @ é

Problem 837 A flower is 20 cm from a concave spherical mirror. If the image of
the flower is formed at a distance of 80 cm from the mirror, determine (a) the mirror’s
radius of curvature, and (b) the lateral magnification.

Solution:
(8) s=20cm and s’ = 80 cm. Hence, from Eq. (8.86),
1,1 2
20 8 R’
or R =32 cm.
(b) From Eg. (8.84),
_ -5 _ =80 _
T s 20

Problem 838 A candle in air is placed at a distance of 25 cm to the Ieft of a glass
medium with a concave spherical boundary characterized by a radius of curvature of
50 cm. If the index of refraction of glass is 1.5, determine the location of the candle’s
image.
Solution: With ny = 1, ny = 1.5, s = 25 cm, and R = —50 cm (the radius of
curvature of a concave boundary is negative), Eq. (8.94) is

n  om m—n 1 15 15-1

—}-‘-E-?— I or

which gives s' = —30 cm.

Problem £39 A thin bi-convex lens with index of refraciion of 1.6 has radii of
curvature of 20 cm and 30 cm. Determine the location, magnification, and orientation
of an object placed 20 cm from the lens.
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Solution: From Table 8-5, a biconvex lens has a positive focal length. Hence, in
Eq. (8.102), we set R; = 20 cm and R, = 30 cm:

e (§-3) 050 (3-5)
which gives f = 100 cm. Application of Eq. (8.103) gives
1,1 1
20 ' s 1007
The image is virtual and erect, and M = —s' /s = 1.25.

or s’ = —25 cm.

Problem 8.40 Repeat Problem 8.39 for an object placed 50 cm from a planar-
concave lens with a radius of curvature of 15 cm.

Solution: For a planar-concave lens (which has a2 negative focal length), we use
R; =ecand Ry = 15 cm in Eq. (8.102) to get

%:(H_U(RLI_R%) =(1.6-1)(0—%),

which gives f = —25 cm. Eqg. (8.103) gives

1 1 1
B L o B O = —16.67 cm.
50+s, - or s cm

The image is virtual and erect, and M = —s' /s = 0.33.

Problem 8.41 The curved face of a planar convex lens has a radius of curvature
of 3 cm and the index of refraction of the lens material is 1.5. Determine the focal
lengih of the lens when:

{a) the planar surface of the lens faces the light, and

(b) the convex surface of the lens faces the light.

Solution:
(a)
1 11 11 0.5
7= (5 “R?) -as-n(z-35)=F
f=6cm
(b)
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f=6cm.

Thus, f of a planar convex lens is positive regardless which side faces the incident
light.

Problem 8.42 The image formed by a convex lens was observed to move by 2
distance of 1 crn when the object was moved from far away (essentially at infinity) to
orly 42 cm from the lens. What is the focal length of the lens?

Solution: When object is at infinity, image 1s at
s=F

When object is at s = 42 cm, image is at 55:

Buts, =5 +1cm= f+1 cm Hence,
1 i 1
+ =i,
42cm  f+lcm f
1 11 _(ED-f_ 1
2em  f f+1 f(f+1) T fF+L)°
which yields the solution f = 6 cm.

Preblem 8.43 Equation (8.102) defines the focal length of 2 thin lens in air.
(2) Derive an expression for f for the general case of a thin lens with index of
refraction n; immersed in 2 medium with index of refraction 7.
(b) Determine the focal length of a bi-concave lens with radii of curvature of 10 cm
and 15 cm and index of refraction of 1.5 when placed in air and when placed
in water (with index of refraction of 1.33).

Solution:
(@) The thin-lens equation is given by Eq. (8.100) as

Nm | m 1 1
51 * sy = (=) (Rl Rz) )

The focal length is defined as f = s, when 53 = <. Hence,

A 1 1
*f‘=<”f“”m>(ﬁ:‘:e—z)
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Qor

l B (n; — Am 1 B 1
b B flm Ri R -
(b) A bi-concave lens has a negative focal length (when n; > nm). Hence, in above
equations, we choose R; = 15 cm and Rp = 10 cm:

%:(1‘5—1)(%—1—%), or f=—60cm (in air),
% = (%t?;—?’é) (% - %) 2 or f=-—235cm(in water).

Problem 8.44 A positive lens is used to image an object placed 50 cm in front of it
on a screen located 1 m behind the lens. What is the focal length of the lens?

Solution:

1 1
_+__

1
— =3333cm.
507100 F or f=3333cm

Problem 845 An imaging system consists of two thin positive lenses with focal
lengths of 15 cm for the first lens and 5 cm for the second. If the two lenses are
separated by a distance of 50 cm, locate the image of an object placed 25 cm in front
of the first lens, relative to the location of the second lens.

Solutiom: Image due to first lens:

i1 1

ns TR T

which gives s} = 37.5 cm. With respect to the second lens, s = 50 cm — 5} =
12.5 cm.

1

Ti._5+ =%, or 55 = 8.34 cm.

uoLl e
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fi=15cm f=5cm
O . o

: " J.rl . P "‘.r’

1 fl: fz, 'fz

1 I i I; ’,’

1 1 ] - r

1 i 15cm y 15cm -

! 25cm ) 51'=37.5cm '125cm s0'=834cm
1 1
I, 50 cm 1

Figure P8.45: Two-lens arrangement of Problem 8.45,

Problem 8.46 Two thin lenses with focal lengths f; and f> are placed in contact
with each other, as shown in Fig. 8-40 (P8.46). Show that F, the focal length of the
combination, is given by

L. 3
F h A
h f

Figure P8.46: Two lenses in contact. The lenses are so thin that they may be
considered to be at the same location (Problem 8.46).

Solution: The lens formula for the first lens is
1 1 1
s1 8 N (

i
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For the second lens,

11 1
s 16
s2 s f (o)

The object for the second lens is virtual because it is the image formed by the first
lens, and since the two lenses are thin and in contact, we can consider them to be at
the same location. Hence,

52 = =51, (7

and

1,11
—sy sy fo

Upon combining Eq. (15) and Eq. (18) and eliminating s}, we have

Ly Byt
51 \s f) A’

(18)

si s h f F’
1,11
51 sf,thT

where s; is the object distance and s is the image due to the combination of both
lenses.

Problem §.47 Two thin lenses of focal lengths fi = 5 cm and f, = —10 cm are
separated by a distance of 5 cm, as shownin Fig. 8-41 ($8.47). Determine the location
of the cobject.

Solution:
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Figure P8.47: Imaging configuration of Problem 8.47.

From the figure, |s2] = 15— 5 = 10 cm, and since it is a virtal object, s = —10 cm.
111
-10 s, 107

52=°°.




