Chapter 4 Solutions

1. a) The speed will be found with

We have u but we need the tension.
The tension in the rope is equal to the weight of the block. This weight is

F. =mg
=2kg -9.84;
=19.6N

The wave speed in the aluminum wire is therefore

_ [19.6N
0.01%
=44.272

b) The frequency is

v=Af
44.272=02m- f
f=221.4H;

c) The wave speed in the steel wire is
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d) As the frequency does not change from one medium to another, it is still 221.4 Hz.

e) The wavelength is

v=Af
282 = 1.221.4H;
A=0.1265m

f) The impedance is

Z, = Fru
= J19.6N-0.01%

=0.4427%
g) The impedance is

Zy = Fu

= J19.6N -0.025%
=0.7%

h) The amplitude of the reflected wave is

z-7
:Z+ZA
0.4427%—0.7%
T 044275 107
=—1.126mm

R

mm

It is therefore an inverted wave with an amplitude of 1.126 mm.
1) The amplitude of the transmitted wave is

27,
Z,+7Z,

. 2:04427%

044277 4075

=3.874mm

AT:

dmm
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j) The power of the incident wave is
_ 1 2 12
P= 5 Hva A

1
= EzlafAz

The power of the transmitted wave is

1
P =— v’ A’
2
1 2 42
=—Z,0°'A
2
The ratio of the power transmitted and the initial power is

1

2 42
i _ 5220) A,
p 1
—Zw A
2
_ZA
ZA®

~0.7%.(0.003874m)’
0.4427%.(0.005m)"
=0.949

94,9% of the power is transmitted.

2. a)

The transmitted wave is always in the same direction as the original wave. It will

be upwards.

b) Since the density of the rope to the right is greater, the reflected wave will be

reversed, so downwards.

¢) Since the speed is 20 m/s on the rope to the left, the tension is
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vo B
u
202 = FTk
0.02°%
F, =8N

The speed of the wave on the rope to the right is then

d) The reflected wave being on the rope to the left, its speed is the same as the initial
wave, so 20 m/s.

3. The power of a wave is given by
P= lva2A2
2

We know that the power of the reflected wave is equal to 50% of the power of the
initial wave. This means that

the equation becomes
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2
0.5= ﬁj

+Z,
2
1

%
Z
E23
Z]

Z

1 _ Z
I+
Setting Z,/Z, = x (which is what we’re looking for), we arrive at

2
0_5:(1__"J
1+x

It only remains to solve for x.

+J05=17%
1+x

To simplify, let’s set C =%+/0.5 . Therefore,

If C=4/0,5, the result is

1-+0.5
1++/0.5

=0.1716

This cannot be the right answer because the impedance of the second string is greater

than the impedance of the first rope (this means that Z,/Z; > 1)
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If C=—0.5, the result is

1-—0.5

x=———=15.828

1+-0.5

This is the right answer.

4. a) The impedance is
Z=pv
To calculate it, we need the speed of the wave.

At this temperature, the wave speed is

y=3313m. |—1
" \V273.15K
33130, |28815K
" \V273.15K

=340.32
Therefore, the air impedance is
Z=pv
=1.32£.340.32
=442.4-%
b) The water impedance is

Z=pv
=1000-% 15202
=1,520,000—%

m?s

c¢) No, because the water impedance is too different from the air impedance
(3435 times greater).
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5 « a) At 60 dB, the intensity is

1

m?

60dB =10dB- log%

-
1=10"°%
The wave amplitude is then
=1 pvar A
2
10° % =%-1.3%'330%'(2ﬁ-200Hz)2 LA

A=5.433x10"m

To find the amplitude of the wave transmitted in water, the impedances of water
and air are needed. These impedances are

Z, =pv=132.3302=429-¢

m2s

Z, = pv=1000-%-1450 2 = 1,450,000 -2

m2s

The amplitude of the transmitted wave is therefore

— ZZI
Z,+Z,
2.429 %

- s .54335%107m
4295 41,450,000

m2s m?s

=3.214x10"m

T

The intensity of this wave in water is
1 2 42
I= 5 pvar A

=%-1000%1450%-(2m 200Hz)’ -(3.214x10™"" m)’

=1.183x107"° &
In decibels, this intensity is
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1.183x107° 1,

-2 w

m?

=10dB-log

=30.7dB

The amplitude of the reflected wave is

Ay=b=lry
Z,+Z,
429-* 1,450,000

= 9";5 s .5.4335%10" m
429X 41,450,000

=-5.4302x10"m

The intensity of this wave in air is

1
I=—pv&’' A’
2,0

:%-1.3&-330%-(27;2001%)2 (5.4302x10°* m)’

m3

=9.988x1077 &

In decibels, this intensity is

9.988x1077 I,

12w

m2

=10dB -log

=59.99dB

b) The difference of intensity (in decibel) is

B~ P=10dB-log- L 10dB 10g

0—12 W 0—12 W
~ I, I
=10dB [lOgm - 10g mj
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As a subtraction of two logarithms is equal to the logarithm of the division, we
have

1 1
B.—pB= 10dB[log lO’sz - —log TRE Wj

m? m?

IT
(10—12‘”]
=10dB-log—"<

I
1077w

:10dB-log17T

Thus, we need the intensity ratio. This ratio is

L _17.04A
I 1Z&’A
I _Z,A

1 ZA
Since the amplitude of the transmitted sound is

— 2'Zl
Z,+7,

T

we have

2
L_ 2 (22 |,
1 ZA\Z+Z,

L_z( 22 )
IV AVAYA
I 4Z.Z,

T
I (z+z,)
Using the values of the impedances, this ratio is

I 4.429-% 1450 000-%

m2s m2s

T
I (429 4145000042

m2s m2s

=1.1827x107
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Thus,

B —B= IOdB-logITT

=10dB-log (1.1827x10™)
=-29.27dB

This means that the intensity always decreases by 29.3 dB.

6. The wavelength is

A

vacuum

n
_ 500nm
133
=3759nm

Substance

7. The speed of light is

v=—
n

We need the refractive index to obtain the speed.
The refractive index is found with

A

ﬂ _ ‘vacuum
substance
n

600nm

n

n=1.25

480nm =

Therefore, the speed of light is

y=—
n

299,792,458
1.25
=2.4x10°2
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8. To calculate the intensity, we need the amplitude of the waves. These amplitudes can
be found from the amplitude of the incident wave and the index of refraction of the
media.

The amplitude of the incident wave is

= cne, E;
2
sw _ 3x10°2-1-8.854x107"* C, - E}
m? 2
E,=61.36%

Thus, the amplitude of the reflected and transmitted waves are

n—-n,

Ey = E,

l’l1'|'l’l2
1133 o

1+133 €
=-8.690

2
E()T:LEO
n +n,
-2 6136
1+1.33

=52.674

This means that the intensity of the transmitted and reflected waves are
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I, = cng E;,
2
~ 3x10°7.1-8.854%1072 £ -(~8.690 4 )’
- 2
=0.100%
I, = cne Ey,
2
_3x10°7-1.33-8,854x1077 €, (52.67 )’
- 2
= 4.900%

Therefore, 98% of the energy is transmitted.

9. The ratio of the intensities is

1 2
I_T: s CnEEgr
1 2
I ScnégE;
2
_mEy

- 2
nE,

However, the amplitude of the transmitted wavelength is

2n
Ey = 1 E,
n, +n,
Thus,
2
I _ n,Eg
I nkE;
2
_n 2n, 2
- E2 E()
mey \ m+n,
4n,n,
- 2
(”1 +n, )

Since the intensity ratio is 0.92 and n; = 1, this equation becomes

2025 Version 4-Reflexion and Transmission 12



Luc Tremblay College Mérici, Quebec City

I_T_ 4n,n,

I (n+n,)

092=— 2
(1+n,)

It only remains to solve this equation for n,.
4n, -1
(1+n, )2
0.92(1+n,)" =4n,
0.92+1.84n, +0.92n° = 4n,
0.92—-2.16n,+0.92n° =0

0.92=

The solutions of this quadratic equation are
1.7888 et 0.5590

Only the first solution is possible.

10. we have the following angles.

45°/”~ “

The 25° angle was obtained from the fact that the sum of the angles of a triangle must
be 180°.

11. The height / at which the laser strikes the mirror can be found.
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210 m

In the diagram, we have

tan 50° = M

y
y=0.923m

The height is therefore 2 = 2.100 m — 0.923 m = 1.177 m. Then the distance to the
ground is found with

«—1.10 m —>
7 y
I 40° ™
2.10 m
E h
d !
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tan 50° = d
1.117m
d =1.403m

12. a) According to the law of refraction, the index is

n,sin @, = n, sin 6,
n, -sin(25°)=1.33-sin(48°)
n, =2.34

b) The speed of light in the unknown substance is

C
V=—
n
_3x10°
2.34
=1.28x10° 2

13. The angle of refraction is

n,sin@, =n, sin @,
1-sin(30°)=1.6-sin 6,
6, =18.21°

Therefore, we have

The angle is thus
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30°+6+18.21°=180°
0=131.79°

14. The temperature will be found with

V= 331.34-,/L
* N 273.15K

We need the speed to obtain the temperature. The speed will be found with the law
of refraction

sin 6, "

sin@, v,

We know both angles but we need the speed of the wave in the first medium. This

speed is
v=331.3ﬂ-,/—T
' N 273.15K
_ 133132, /293.151(
' N 273.15K
=34322

Then, the speed of the wave in the 2" region can be found.

sing, v,
sin@, v,

sin45° 34327

sin 50° v,
v, =371.82

Thus, the temperature is
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v=331.3%., fL

* \273.15K
371.82=331.32., fL
* * \273.15K

T =344.1K
T =70.9°C

15. The angle 6, is found with the law of refraction.

n,sin @, = n, sin 6,
1-sin(41°)=1.5-sin6,
6, =25.94°

Therefore, we have

25.94° 34.06°

This is how these angles were found.

64.06°: We have this angle because 25.94° and 64.06° must be equal to 90° when
added.

55.94°: We have this angle because the sum of the angles of a triangle is 180°. Thus,
we must have 64.06°+60°+55.94° = 180°.

34.06°: We have this angle because 55.94° and 34.06° must be equal to 90° when
added.
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Finally, the angle @is found with the law of refraction.

n,sin @, = n, sin 6,
1.5sin(34.06°) =1sin
60=57.16°

16. First, the angle of refraction in the glass is found with the law of refraction.

n,sin @, = n, sin 6,
1-sin(40°)=1.5-sin6,

6=25.37°
Therefore, we have
ol
ok
2.00 cm \ n=15
¥\
v )
1
25.37°

Then, the length of the ray of light in the glass (identified by the dotted line x) is
found. It is found with

c0s25.37 = 2C—m
X
x=2214cm

Finally, we have another right triangle with the sides x and d.
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40°.

4

40° - 25.37° =14.63°

2.00 cm ‘\‘{ n=135
£ \
¢ 15
PLATN
L
M=o

With this triangle, d is found.

sin (14.63°) =

U =X

sin (14.63°) =

2.21cm
d =0.559cm

17. To see the point, we have, at worst, the following situation.

«p Sonia

! 1
1 1
! 1
o

6

The angle in this figure is

tan 6, = 2m
4m
6, =26.57°
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Only the angle on the outside the liquid is missing. This angle is found with the initial
situation.
«p Sonia

|
|

?ﬁﬂ

|f«— 3m —>|

The angle in this figure is

tan 6, = sm
dm
0, =36.87°

We then have the following situation.

«v; Sonia

£ 6.87%

{ I

! 1

- .
D6.57 4

m
By
i m I

|J«— 3m —

The index of refraction must then be

n,sin@, =n,sin 6,
n-sin(26.57°) =1-sin 36.87°
n=1.342
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18. According to this diagram, we have

20 m

A
\/

10m = x, +x,

As
Y _ tan20°
10m
and
Y _tan@
10m
we have

10m =10m- tan 20°+10m - tan &

The value of & can now be calculated.

1=tan20°+tan @

0=32.46°
Thus, the law of refraction gives

sing, _ v,

sind, v,

sin20° 50002

sin 32.46° v,
v, =7846%
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19. The speed of light will be calculated with

S |0

The refractive index is needed.

If the critical angle is 60°, then the refractive index is

sinf, = L
n
$in 60° = ——
1.33

n=1.152

Therefore, the speed of light is

C
V=—
n
_3x10° 2
1.152
=2.60x10° 2

20). The critical angle is
sin@. = L
n
. 1
sin@, =—

1.5
6 =41.81°

As the angle of incidence is 52° (90° — 38°), there is a total reflection since the angle
of incidence is greater than the critical angle.

21. The critical angle is
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sinf, = o
m
sing, = L)

6. does not exist

As there is no critical angle, a total reflection is impossible.

22. The critical angle is

sin@, = h
Va
sinf, = 3407
5000
6. =3.899°
Thus, the distance is
tan 6 = =
3m
x=0.2045m
23. We have the following angles.
Air
n=1 95

This is how those angles were found
2025 Version
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40° between the red beam and the interface between water and diamond. Alternate
internal of the 40° at the end of the piece of diamond

50° angle incidence of the ray at the water-diamond interface.
40° and 50° must be equal to 90° when added.

24.9° angle of refraction
Comes from the law of refraction

n,sin6, =n, sin 6,
1.33sin(50°) =2.42sin 6,
6, =249°

50° angle (at the end of the dotted line, near the interface between air and diamond).
The sum of the angles of a triangle must be 180°.
We must then have 40° + 90° + 50° = 180°.

130° angle
The sum of the 50° angle and the 130° angle must give 180° (supplementary angles).

25.1° angle
The sum of the angles of a triangle must be 180°.
We must then have 130° + 24.9° + 25.1° = 180°.

64.9° angle
25.1° and 64.9° must be equal to 90° when added.

The angle of incidence of the ray is 64.9°. Is it greater than the critical angle? The
critical angle is

sin6, = o
n
sinf. = L
2.42
6. =24.4°

As the angle of incidence is greater than the critical angle, there is a total reflection at
point P.

24. The angle of refraction for the red light is
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n,sin @, = n, sin 6,
1-sin(80°)=1.62-sin 6,
6, =37.44°
The angle of refraction for the violet light is

n,sin @, = n, sin 6,
1-sin(80°) =1.66-sin 6,
6, =36.39°

The difference between those two angles is 37.44° - 36.39° = 1.05°

25. The angle of polarization is

26. The angle of polarization is

6, =36.9°

27. 1f the reflected ray is polarized, then the angle of incidence is equal to the angle of
polarization. This angle is
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tan@ =2

p nl
tanl9='—7
6, = 59.53°

The angle of refraction is thus

n,sin@, =n, sin 6,

1-5in59.53°=1.7-sin G,

6, =30.46°
28. a) With a 48° critical angle, we have
sinf, = L
nl
sin48° = n
nl

The individual values of the indices of refraction cannot be found, but the value of
n,/n, can be found. Its value is

sin 48° = L)
n,
% 20743

The angle of polarization is therefore

n
tan@, = -2
nl

tan 6 = 0.743
6, =36.6°

b) No, since the angle of polarization is 36.6° and the total reflection begins at 48°.
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29. Let’s start by finding the percentages of the reflected and transmitted wave at each
surface.

When the light comes from air to glass, the transmitted and reflected amplitudes are

2n,
n+n,
21
1415
=0.8E,

Ey = E

0

This means that the ratio of the intensities of the transmitted and reflected wave to the
intensity of the initial wave are
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_aEqr
nlE(f
n, (0.8E,)’
- ”1E02
n, (0.8’
-
1.5(0.8)"
=
=0.96

Thus, 96% of the energy enters the glass.

Once inside the glass, the light reaches the glass air interface. In this interface, the
amplitudes of reflected and transmitted waves are

n,—n

| 2
Ep = E,

n +n2

EL
1+1.5
=0.2E,

2n
E = L FE
T on4n,
_21S5
1+1.5
=1.2E,

This means that the ratio of the intensities of the transmitted and reflected wave to the
intensity of the initial wave are
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n,
1(1.2)°
1.5
=0.96
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The intensity of the transmitted light can now be found.

Ray with no reflection

In this case, the light passes directly through both surfaces. The percentage of light

doing this is

Ray that makes 1 round trip

2025 Version
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In this case, the light enters glass, reflects 2 times and comes out of the glass. The
percentage of light doing this is
0.96 - 0.04 - 0.04 - 0.96 = 0.962 - 0.04>

Ray that makes 2 round trips

In this case, the light enters glass, reflects 4 times and comes out of the glass. The
percentage of light doing this is

0.96 - 0.04 - 0.04 - 0.04 - 0.04 - 0.96 = 0.962 - 0.04*

Ray that makes 3 round trips

In this case, the light enters glass, reflects 6 times and comes out of the glass. The
percentage of light doing this is

0.962 - 0.04°
And so on...
Summing all these intensities, the result is

1,,=(0.96)" +(0.96)" (0.04)" +(0.96)" (0.04)" +(0.96)" (0.04)" +...
(0.96)" (1+0.0016+0.0016” +0.0016" +...)

Such a sum is a geometric series. You can calculate it directly or you can take a
formula that gives the sum. Let’s find this formula. If you have a geometric series

S=a+ar+ar*+ar’+...

Then

Sr=ar+ar*+ar’ +ar' +...

Sr=S-a
S—-8Sr=a
S(l-r)=a
g__a
1-r

Therefore, the sum here is
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1

2
I, =(0.96) "1-0.0016

=0.9231

Thus, 92.31% of the light is transmitted. This means that 7.69% of the light is
reflected.
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