CHAPTER 32: Light: Reflection and Refraction

Responses to Questions

]

(a) The Moon would look just like it does now, since the surface is rough. Reflected sunlight is
scattered by the surface of the Moon in many directions, making the surface appear white.

(b) With a polished, mirror-like surface, the Moon would reflect an image of the Sun, the stars, and
the Earth. The appearance of the Moon would be different as seen from different locations on
the Earth.

Yes, it would have been possible, although certainly difficult. Several attempts have been made to
reenact the event in order to test its feasibility. Two of the successful attempts include a 1975
experiment directed by Greek scientist Dr. [oannis Sakkas and a 2005 experiment performed by a
group of engineering students at MIT. (See www.mit.edu for links to both these and other similar
experiments.) In both these cases, several individual mirrors operating together simulated a large
spherical mirror and were used to ignite a wooden boat. If in fact the story is true, Archimedes
would have needed good weather and an enemy fleet that cooperated by staying relatively still while
the focused sunlight heated the wood.

The focal length of a plane mirror is infinite. The magnification of a plane mirror is 1.

The image is real and inverted, because the magnification is negative. The mirror is concave,
because convex mirrors can only form virtual images. The image is on the same side of the mirror as
the object; real images are formed by converging light rays and light rays cannot actually pass
through a mirror.

Ray 2 is directed as if it were going through the focal
point and is reflected from the convex mirror parallel
to the principal axis.

|
(b) P—d,—d;

Yes. For a plane mirror, d, = —d,, since the object and image are equidistant from the mirror and the
image is virtual, or behind the mirror. The focal length of a plane mirror is infinite, so the result of

. 11
the mirror equation, Eq. 32-2, is d_ + Z =0,o0r d =—d,, asexpected.

o i

Yes. When a concave mirror produces a real image of a real object, both d, and d; are positive. The

magnification equation, m = —d—‘, results in a negative magnification, which indicates that the

image is inverted.
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10.

11.

12.

—
W

14.

15.

A light ray entering the solid rectangular object will exit the other side

following a path that is parallel to its original path but displaced slightly

from it. The angle of refraction in the glass can be determined air
geometrically from this displacement and the thickness of the object. The 3
index of refraction can then be determined using Snell’s Law with this n Sq
angle of refraction and the original angle of incidence. The speed of light N

in the material follows from the definition of the index of refraction: .

n=cfv.

This effect is similar to diffuse reflection off of a rough surface. A ripply sea has multiple surfaces
which are at an angle to reflect the image of the Moon into your eyes. This makes the image of the
Moon appear elongated.

A negative object distance corresponds to a virtual object. This could occur if converging rays from
another mirror or lens were intercepted by the mirror before actually forming an image. This image
would be the object for the mirror.

The angle of refraction and the angle of incidence are both zero in this case.

Underestimate. The light rays leaving the bottom of eer'

the pool bend away from the normal as they enter \
the air, so their source appears to be more shallow

than it actually is. The greater the viewing angle, the ~ Apparent depth¢
more the bending of the light and therefore the less

the apparent depth.

air

Your brain interprets the refracted rays as if the part of <
the stick that is under water is closer to the surface than it
actually is, so the stick appears bent.

Because the broad beam hits the surface of the water at an
angle, it illuminates an area of the surface that is wider 3
than the beam width. Light from the beam bends towards
the normal. The refracted beam is wider than the incident
beam because one edge of the beam strikes the surface
\4 \ water

air

first, while the other edge travels farther in the air. (See the
adjacent diagram.)

The light rays from the fish are bent away from the normal as they
leave the tank. The fish will appear closer to the side of the tank than
it really is.
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16.

17.

18.

20.

21.

The water drop acts like a lens, and refracts light as the light passes through it. Also, some of the
light incident on the air/water boundary is reflected at the surface, so the drop can be seen in
reflected light.

When the light ray passes from the blue material to the green material, the ray bends toward the
normal. This indicates that the index of refraction of the blue material is less than that of the green
material. When the light ray passes from the green material to the yellow material, the ray bends
away from the normal, but not far enough to make the ray parallel to the initial ray, indicating that
the index of refraction of the yellow material is less than that of the green material but larger than the
index of refraction of the blue material. The ranking of the indices of refraction is, least to greatest,
blue, yellow, and green.

No. Total internal reflection can only occur when light travels from a medium of higher index of
refraction to a medium of lower index of refraction.

No. The refraction of light as it enters the pool will make the object look smaller. See Figure 32-32
and Conceptual Example 32-11.

The mirror is concave, and the person is standing inside the focal point so that a virtual, upright
image is formed. (A convex mirror would also form a virtual, upright image but the image would be
smaller than the object.) In addition, an image is also present at the far right edge of the mirror,
which is only possible if the mirror is concave.

(a) Since the light is coming from a vacuum into the atmosphere, which has a larger index of
refraction, the light rays should bend toward the normal (toward the vertical direction).
(b) The stars are closer to the horizon than they appear to be from the surface of the Earth.

Solutions to Problems

P —

Because the angle of incidence must equal the angle of reflection, we e

see from the ray diagrams that the ray that reflects to your eye must _ |Mirror fMirror
. . . A . R near ar
be as far below the horizontal line to the reflection point on the mirror \ T
as the top is above the line, regardless of your position. \ '
A g -

For a flat mirror the image is as far behind the mirror as the object is in front, so the distance from
object to image is twice the distance from the object to the mirror, or .

The law of reflection can be applied twice. At the first reflection,
the angle is &, and at the second reflection, the angle is ¢.

Consider the triangle formed by the mirrors and the first reflected

ray.
0+a+¢=180° — 38°+135°+4=180° —
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The angle of incidence is the angle of reflection. See the diagram for the

T
appropriate lengths. ‘
tand = M = ﬁ - H
¢ x ‘
(1.64m—-0.38m) (0.38m)
= — x=0.69m
(2.30m) x g -

The incoming ray is represented by line segment DA. For the
first reflection at 4 the angles of incidence and reflection are 6,.

For the second reflection at B the angles of incidence and
reflection are 6,. Werelate 6, and 6, to the angle at which the

mirrors meet, ¢, by using the sum of the angles of the triangle
ABC.

$+(90° - 6,)+(90° - 6,)=180° — ¢=6, +6,
Do the same for triangle ABD.

a+26,+260,=180° - a=180°-2(6, +6,)=180°-2¢
At point D we see that the deflection is as follows.

B =180°—a =180°—(180°—2¢) =[2¢]

The rays entering your eye are diverging from the virtual

Plane

image position behind the mirror. Thus the diameter of the /‘ mirror

area on the mirror and the diameter of your pupil must
subtend the same angle from the image.

mirror

D i Dp pil d
mllTOl': upll _) D :D —1le .
di (d(, +dl) mirror pupil (do + dl) 2 = pupil
—1-p? 1,12 -7 3.\
Aper =37D o =S LD2 = 16(4.5x10 m)
=(4.0x10"%m?
See the “top view” ray diagram. 3 K
N H— N |
}_:___T."_;'-—-—___}_ :.14
| B = — —r\'?"
] ¢

(a) The velocity of the incoming light wave is in the direction of the initial light wave. We can
write this velocity in component form, where the three axes of our coordinate system are chosen
to be perpendicular to the plane of each of the three mirrors. As the light reflects off any of the
three mirrors, the component of the velocity perpendicular to that mirror reverses direction. The
other two velocity components will remain unchanged. After the light has reflected off of each
of the three mirrors, each of the three velocity components will be reversed and the light will be
traveling directly back from where it came.

(b) If the mirrors are assumed to be large enough, the light can only reflect off two of the mirrors if
the velocity component perpendicular to the third mirror is zero. Therefore, in this case the
light is still reflected back directly to where it came.
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9. The rays from the Sun will be parallel, so the image will be at the focal point, which is half the radius
of curvature.

r=2f=2(18.8cm) =[37.6cm|

10. To produce an image at infinity, the object must be at the focal point, which is half the radius of
curvature.

d,= f = 4r=3(24.00m) -
11. The image flips at the focal point, which is half the radius of curvature. Thus the radius is .

12. (a) The focal length is half the radius of curvature, so f =1r=21(24cm)= .
(b) Use Eq. 32-2.
11 1 d.f (35cm)(24cm)
= 5 g =T =|76cm
d, d f " d,-f 35cm-24cm

(¢) The image is , since the magnification is negative.

The ball is a convex mirror with a focal length f'=1r= %(—4.6 cm) =-23cm. Use Eq. 32-3 to
locate the image.

L1t _df _ (25.0cm)(—2.3cm)

+—=— = =
d, d f " d,—f 250cm—(-23cm)

o

=-2.106cm~-2.1cm

The image is [2.1 cm behind the surface of the ball, virtual, and upright. Note that the magnification
d.  —(-2.106cm)

ism=——"=

d (25.0cm)

=+40.084.

(V]

14. The image distance can be found from the object distance of 1.7 m and the magnification of +3.
With the image distance and object distance, the focal length and radius of curvature can be found.

m—_—di — d,=-md,
dO
 d,(-md 3(1.7
111, dd o(omdy) _ md, 3(1.7m) _, oo
dd f d+d  d -md, m-1 3-1

15. The object distance of 2.00 cm and the magnification of +4.0 are used to find the image distance.
The focal length and radius of curvature can then be found.
—d.

m=——- — d =-md,
d,
d (-md 4(2.00
L L, dd o(mdy) _ md, _4(2.00em) _, on o
d, d f d +d.  d -md, m-1  4-1

r=2f=2(2.667cm)=[53cm|

Because the focal length is positive, the mirror is .
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16.

17.

18.

-
g

20.

The mirror must be . Only convex mirrors produce images that are upright and smaller than
the object. The object distance of 18.0 m and the magnification of +0.33 are used to find the image
distance. The focal length and radius of curvature can then be found.

m—_—di — d,=-md,
dO
. d(-md 0.33(18.0
L1, dd d(omd) md, 033(180m) o0
d, df d,+d,  d,-md, m-1  033-1

r=2f=2(-8.866m)=[-17.7m|

The object distance of 3.0 m and the magnification of +0.5 are used to find the image distance. The
focal length and radius of curvature can then be found.

m= =4 - d =-md,
d,
. d (—md 0.5(3.0
i+i:l - f= dd,__ o (o O)Zmd": ( m)=—3.0m
d, d. f d,+d, d,—md, m-1 0.5-1
r=2f=2(-3.0m)=[-6.0m|
(a) From the ray diagram it is seen that
the image is virtual. We estimate the \\\
image distance as |—6cm.
& ' Ny
(b) Use a focal length of —9.0cm with — T~ —
the object distance of 18.0cm. o) I X C
I 1 1
- — =
do di f

d,f (18.0cm)(-9.0cm)
d. = 0 = = —60
" d,—f 18.0cm—(-9.0cm)
(¢) We find the image size from the magnification:
mzﬁz;—di — h, =h0[;l—di]=(3.0mm)( 6.0cmj: 1.0mm

. 18.0cm
Take the object distance to be oo, and use Eq. 32-3. Note that the image distance is negative since the
image is behind the mirror.

Lt L g =160em > r=2f=[320cm|

t—=—
d, d [ @ d [

o 1

Because the focal length is negative, the mirror is

(a) object y

~ _ — N/

; /
image |h.|>h |hi|<|h0|;m<l;do>r

;m>1;d <r
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(b) Apply Eq. 32-3 and Eq. 32-4.

1,112 e
d, d. f r "o(2d,-7) d, (2d,-r)
If d, >r, then (2af0 - r) >r, SO |m|= (2d0’”_ r) _ (:r) <1.
If d, <r, then(2d, —r)<r, so |m|= A = sl

(2d, —r) (<r)

21. Consider the ray that reflects from the center of
the mirror, and note that d; <O0.

t.’:11’10=h—°=—hi — —diZﬂ ~.___\\ Pral
do _di do ho “;—‘)&{“' —_—
O -0 B\ T~—_

22. From the ray diagram, we see that with a
negative image distance, we have the \
following. >
ho hi p— A AN
R o 0 s SN
i o d, © d I EN Y C
tana = = !

(d0+r) (r+di)
When we divide the two equations, we get
dotr) __Utd) | yyr o orr o, L1 2
d d. d d. d, d, d, d. r

[} 1 o 1 [} 1

If we define f =§ and consider the radius of curvature and focal length to be negative, then we

have Eq. 32-2,

1 1 1
—t+—=—.
do di f

23. Use Eq. 32-2 and 32-3.

m=—>= — d=-md
d

o

o

L+i:l - f= dd,__ d, (zmd,) _md, (0.55)(3.2m) =(-39m
d, d f d +d, d,—md, m-1 0.55-1

24. (a) Weare given that d, =d . Use Eq. 32-3.

1+i=i - 2=i - |d,=2f=r
d, d, f ~ d, f

o o

The object should be placed at the | center of curvature|
(b) Because the image is in front of the mirror, d; >0, it is|real.

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. 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.

326



Chapter 32 Light: Reflection and Refraction

(©)

(d)

(a)
(b)

(©)

(d)

26. (a)
()
(0)

27. (a)

(b)

: L -d, —d : . . . .
The magnification is m = d—‘ = y; © =—1. Because the magnification is negative, the image is

o o

As found in part (¢), m =

To produce a smaller image located behind the surface of the mirror requires a
Find the image distance from the magnification.

dh (26¢m)(3.5¢m) .

h —d. ~ - ~
m=t=—r o d=- @sem) 20.20m ~[-20cm| (2 sig. fig.)

o 3 o

As expected, d, <0. The image is located [20 cm behind the surface
Find the focal length from Eq. 32.3.

L+i:i S f= dd, _ (26cm)(—20.20m)):_90.550mz

d, d f d,+d, (26cm)+(-20.2cm

o 1

The radius of curvature is twice the focal length.

r=2f=2(-90.55cm)=-181.lcm ~[-180cm|

To produce a larger upright image requires a | concave mirror.|
The image will be | upright and Virtual.|
We find the image distance from the magnification:

mzﬂz_—di — d, =-md,

hO dO
DL dd d(omd) md,
d, d f d,+d, d,—md, m-1
B _2md, 2(1.35)(20.0cm) 3
P ST a5 =[154cm]

We use the magnification equation, Eq. 32-3, to write the image distance in terms of the
magnification and object distance. We then replace the image distance in the mirror equation,
Eq. 32-2, and solve for the magnification in terms of the object distance and the focal length.

1 1 1 o

—=—t— >

f do di /

e

3 _m 3
4 /
m= f S
f - do 6 -

Weset f=0.45m and
draw a graph of the -8
magnification as a function
of the object distance. The -10
spreadsheet used for this 04 05 06 07 08 09 10 L1 12 13 14
problem can be found on the d o (m)

Media Manager, with
filename “PSE4 ISM_CH32.XLS,” on tab “Problem 32.27b.”

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. 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.

327



Physics for Scientists & Engineers with Modern Physics, 4" Edition Instructor Solutions Manual

(¢) The image and object will have the same lateral size when the magnification is equal to negative
one. Setting the magnification equal to negative one, we solve the equation found in part (a)
for the object distance.

f

m= =-1 - d,=2f=|0.90m

Fod J=2f

(d) From the graph we see that for the image to be much larger than the object, the object should be
placed at a point h'ust beyond the focal point.|

28. We use the magnification equation, Eq. 32-3, to write the image distance in terms of the
magnification and object distance. We then replace the image distance in the mirror equation, Eq.
32-2, and solve for the magnification in terms of the object distance and the focal length, with the

focal length given as f = —| f | .
d, 111 111 |/]

m=——=— > d=-md, > —=—+—> =—+ —>|m=
do l ° f do di _|f| do _mdo |f|+do

From this relation, the closer the object is to the mirror (i.e., smaller object distance) the greater the
magnification. Since a person’s nose is closer to the mirror than the rest of the face, its image
appears larger.

29. (a) We use the magnification equation, Eq. 32-3, to write the image distance in terms of the
magnification and object distance. We then replace the image distance in the mirror equation,
Eq. 32-2, and solve for the object distance in terms of the magnification and the focal length.

mz—i—nfi =-md,
d

(4]

lzLﬁ-i—)l:i'F;:i(l—i)—)do:f(l—lj
f d, d f d, -md, d m m

o

o

(b) We set the object distance equal to the range of all positive numbers. Since the focal length of
a convex lens is negative, the term in parentheses in the above equation must be the range of all
negative numbers for the object distance to include the range of all positive numbers. We solve
the resulting equation for all possible values of the magnification.

(l—iJSO—HSL—) 0<m<l1
m m

30. The distance between the mirror and the wall is equal to
the image distance, which we can calculate using Eq. 32-2.

The object is located a distance » from the wall, so the r i d,——
object distance will be  less than the image distance. The
focal length is given by Eq. 32-1. For the object distance d

to be real, the image distance must be greater than 7.

i tr,r,2 1 +i—>2df—4dir+r2=0
f d, dr d-r d,

12 Q.2
g = drEN16r —8r =r(11%}z0.292ror

‘ 4

Use Eq. 32-3 to calculate the magnification: m = _4 = _L7r =|-2.41
d, 17lr—r
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The lateral magnification of an image equals the

32.

33.

34.

height of the image divided by the height of the

object. This can be written in terms of the image ~
distance and focal length with Eqs. 32-2 and 32-3. 0 \\ N I
111 fd —>
—_—=—t— di = ( o J b -
fod d, d,—f I(— d, —> diy—>
me—di___J \
dO dO - f

The longitudinal magnification will be the difference in image distances of the two ends of the object
divided by the length of the image. Call the far tip of the wire object 1 with object distance . The

close end of the wire will be object 2 with object distance d, —£. Using Eq. 32-2 we can find the
image distances for both ends.

d,—1
l:i.i_L RN diIZM ; i: 1 +L RN dizzu
f do dil do _f f do _e diZ do _e_f
Taking the difference in image distances and dividing by the object length gives the longitudinal
magnification.

m :dil_diz :l dof _(do_e)f _dof(do_e_f)_(do_f)(do_e)f
! [ d,-f d—-t-f o(d, - f)(d,—L-f)

_f2
(d,-f)(d,~2-f)

Set £ < d,, so that the £ drops out of the second factor of the denominator. Then rewrite the

equation in terms of the lateral magnification, using the expression derived at the beginning of the
problem.

"G :‘Ldo{fﬂz i

The negative sign indicates that the image is reversed front to back], as shown in the diagram.

We find the index of refraction from Eq. 32-1.
8
_Cc 3.00x10 m/s .

v 229x10°m/s

In each case, the speed is found from Eq. 32-1 and the index of refraction.

8
(a) Ethyl alcohol: v=§=%}%m/sz 2.21x10° m/s
. ¢ 3.00x10°m/s
(b) Lucite: v=;=T/= 1.99x10° m/s
8
(c) Crown glass: v=£=%sgm/sz 1.97x10°m/s
n .

Find the distance traveled by light in 4.2 years.
d = cAt =(3.00x10°m/s)(4.2yr)(3.16x10"s/yr) =|4.0 x 10" m
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35.

36.

oy)
~

38.

39.

40.

41.

42.

The time for light to travel from the Sun to the Earth is found from the distance between them and
the speed of light.

d 1.50x10"m ) -
At=—=———=500x10"s=|8.33min
¢ 3.00x10°m/s

We find the index of refraction from Eq. 32-1.
c c c _n

j— water  __
n=— —wdier

v 088y . 88( c ] T 0.88
' n

1.33

=|1.51
0.88

water

The length in space of a burst is the speed of light times the elapsed time.

d =ct=(3.00 x 10° m/s)(10™%s) =
Find the angle of refraction from Snell’s law.

n sin@, =n,sin@, — @, =sin"’ (ﬂsin HJ =sin’ (%sin 38.5"} =

n,

Find the angle of refraction from Snell’s law.

nsin@, =n,sinf, — 6, =sin”' [ﬂsinﬁl] =sin”' (%sin&o) =

n,

We find the incident angle in the air (relative to the normal) from Snell’s law.

nsin@ =n,sin@, — 6 =sin”' (n—zsin HZJ =sin”' (%sin 33.0") =46.4°

n,

Since this is the angle relative to the horizontal, the angle as measured from the horizon is

90.0° — 46.4° = [43.6°]

We find the incident angle in the water from Snell’s law.

n,

nsin@ =n,sin@, — 6 =sin”' (ﬁsin sz =sin™' (%sin%ﬂ"j =

The angle of reflection is equal to the angle of incidence: €, =6, =26,. Use Snell’s law
gass SING,  —> (1.00)sin26, = (1.56)sin 6,
sin26, =2siné, cosf, =(1.56)sinfd, — cosh,=0.780 — 6, =38.74°

6, =26, =|71.5°

n, sinf =n

The beam forms the hypotenuse of two right triangles as it passes 45°%)
through the plastic and then the glass. The upper angle of the
triangle is the angle of refraction in that medium. Note that the n = 1.62
sum of the opposite sides is equal to the displacement D. First, we |
calculate the angles of refraction in each medium using Snell’s |
Law (Eq. 32-5). :

|
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sin45 =n, sinb, = n, sin6,

6, = sin” | 042 :sinl(sm45 ):25.880
n, 1.62

6, = sin'| S04 | _ i1 [SI043)_ 55 750
1.47

n,

We then use the trigonometric identity for tangent to calculate the two opposite sides, and sum to get
the displacement.

D =D, +D, =htan6, +h tan6, = (2.0cm)tan 25.88° + (3.0cm ) tan 28.75° =

44. (a) Weuse Eq. 32-5 to calculate the refracted angle as the light enters the glass (n=1.56) from the
air (n=1.00).
nsin@, =n,sin@, — 6, =sin”' {ﬂsm 491} =sin”' [%sm 43.50} =26.18°~
n, .
(b) We again use Eq. 32-5 using the refracted angle in the glass and the indices of refraction of the
glass and water.

0, =sin™ n—zsin@}:sin"' [%sin 26.180}31.17%
R .

(c) We repeat the same calculation as in part (a), but using the index of refraction of water.

0, =sin™' ﬂsinﬁl} =sin™ {%sin 43.50} =31.17°~

L7

As expected the refracted angle in the water is the same whether the light beam first passes
through the glass, or passes directly into the water.

45. We find the angle of incidence from the distances. _L
25
ang =82 CSM) o031 L, g _g2s5260 p 6, | Thir
h (1.3m) 1 _
For the refraction from air into water, we have T g
nair Sin 01 = nwater Sin 92’ hz
(1.00)sin62.526° = (1.33)sin6, — 6, =41.842° |
We find the horizontal distance from the edge of the pool from /s

£=20 +0,=L +h,tanb,

=2.5m + (2.1m)tan41.842° = 4.38m ~[4.4m|

46. Since the light ray travels parallel to the base when it exits the e
glass, and the back edge of the glass makes a 45° angle to the
horizontal, the exiting angle of refraction is 45°. We use
Snell’s law, Eq. 32-5, to calculate the incident angle at the

back pane. ) ;

0, =sin™' {n—“sin 494} =sin”’ [%sin 450} =28.13°

n,

We calculate the refracted angle at the front edge of the glass by noting that the angles €, and 6, in

the figure form two angles of a triangle. The third angle, as determined by the perpendiculars to the
surface, is 135°.
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47.

48.

6, + 6, +135°=180° — 0, =45° -0, =45°-28.13°=16.87°
Finally, we use Snell’s law at the front face of the glass to calculate the incident angle.

6, =sin™ [&sinﬁz} =sin”’ E'—gsm 16.87°} =2581°~

n

As the light ray passes from air into glass with an angle of incidence of 25°, the beam will refract.
Determine the angle of refraction by applying Snell’s law.

n sin 91 =n, sin 92 - Incident
a -
0, =sin™' isint91 =sin™' @sin 25°1=16.36° g v
n, 1.5 D Alr (171)

Glass (n,)

We now consider the two right triangles created by the
diameters of the incident and refracted beams with the
air—glass interface, as shown in the figure. The diameters
form right angles with the ray direction and using
complementary angles we see that the angle between the
diameter and the interface is equal to the incident and refracted angles. Since the air—glass interface
creates the hypotenuse for both triangles we use the definition of the cosine to solve for this length in
each triangle and set the lengths equal. The resulting equation is solved for the diameter of the
refracted ray.

d d cos b, c0s16.36°
D=—1-=—"2- — d,=d—2>=(3.0mm)———={3.2mm
cosd, cosb, 2 eos, ( ) cos25° -

Retracted
ray

Find the angle 6, for the refraction at the first surface.
n, sin6 =nsind,
(1.00)sin45.0° = (1.54)sin6, — 6, =27.33°
Find the angle of incidence at the second surface from the

triangle formed by the two sides of the prism and the light
path.

(90° - 6,) +(90° - 6,) + A=180° —
0,=A4-6,=60°—-2733°=32.67°

Use refraction at the second surface to find 6,.
nsing, =n, sinf, — (1.54)sin32.67°=(1.00)sin8, — 6, = 156.2° from the normal|

Since the angle of incidence at the base of the prism is 0°,
the rays are undeflected there. The angle of incidence at the
upper face of the prism is 30°. Use Snell’s law to calculate
the angle of refraction as the light exits the prism.

n sinf, =sing, — 6, =sin™' (1.52sin30°) = 49.46°
From the diagram, note that a normal to either top surface
makes a 30° angle from the vertical. Subtracting 30° from
the refracted angle will give the angle of the beam with
respect to the vertical. By symmetry, the angle ¢ is twice the angle of the refracted beam from the

vertical.

$=2(0,-30°)=2(49.46°~30°) =
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50.

51.

52.

53.

54.

Because the surfaces are parallel, the angle of refraction from the first
surface is the angle of incidence at the second. Thus for the two refractions,
we have the following.

nsin@ =n,sinf, ; n,sind, =n, sind,

Substitute the second equation into the first.

nsin@, =n ;sinf; — H

Because the ray emerges in the same index of refraction, it is undeviated.

Because the glass surfaces are parallel, the exit beam will be

traveling in the same direction as the original beam.

Find the angle inside the glass from Snell’s law,

n, sin@ =nsing. Since the angles are small, cos¢ ~1and

sing = ¢, where ¢ is in radians.

(1.00) 0=ng — ¢=Q
n

Find the distance along the ray in the glass from

L:

~t, and then find the perpendicular displacement

cos ¢
from the original direction.
. o] |t0(n-1)
d=Lsin(0 - ¢)~t(0 - ¢)=1|0 - | = ||=|——=
n n

We find the speed of light from the speed of light in a vacuum divided by the index of refraction.
Examining the graph we estimate that the index of refraction of 450 nm light in silicate flint glass is
1.643 and of 680 nm light is 1.613. There will be some variation in the answers due to estimation
from the graph.
Viea = Voue _ ¢/ Nggo —C/Nysy _ 1/1.613-1/1.643 0.01826 ~
Vi /N 1/1.613

We find the angles of refraction in the glass from Snell’s law, Eq. 32-5.
(1.00)sin60.00° = (1.4831)sin 6, ,,, — 0, e = 35.727°

(1.00)sin 60.00° = (1.4754)sin &

2,red

- 0 =35.943°.

2,red

=35.943° which gives 6

2,700

Thus the angle between the refracted beams is
0, 4 = Oy e = 35.943° = 35.727°=0.216° =

The indices of refraction are estimated from Figure 32-28 as
1.642 for 465 nm and 1.619 for 652 nm. Consider the
refraction at the first surface.

n,sin@, =nsinf, —

(1.00)sin45° = (1.642)sind,, — 6, =25.51°
(1.00)sin45° = (1.619)sin6,, — 6, =25.90°

We find the angle of incidence at the second surface from
the upper triangle.

(90° - 6,) +(90° - 6,) + 4=180° —

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. 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.

333



Physics for Scientists & Engineers with Modern Physics, 4" Edition Instructor Solutions Manual

6,=4-6,=60.00°—-2551°=34.49° ; 6,=A4-6,,=60.00°—-25.90°=34.10°
Apply Snell’s law at the second surface.
nsin6, = n,, sin@,

(1.642)sin34.49° = (l 00 sm¢9 — | = 68.4° from the normal|

(1.619)sin34.10°=(1.00)sin@,, — |6, = 65.2°from the normal|

At the first surface, the angle of incidence 6, = 60°
from air (nl = 1.000) and the angle of refraction 6, into
water (n, =n) is found using Snell’s law.

n;sinf, =n,sinf, —
(1.000)sin60° = (n)sin6, —

0 — sin-! (sin 600)
: n

Note that at this surface the ray has been deflected from its initial direction by angle ¢ =60°—6,.

From the figure we see that the triangle that is interior to the drop is an isosceles triangle, so the
angle of incidence from water (n2 = n) at the second surface is 6, and angle of refraction is 6, into

air (n3 = 1.000) . This relationship is identical to the relationship at the first surface, showing that the
refracted angle as the light exits the drop is again 60°.
n,sin, =nysing, — (n)siné, =(1.000)sin6, — siné, =nsinf, —
sin60°
n

sin@zn( ]zsin60° — 6,=60°

Note that at this surface the ray has been deflected from its initial direction by the angle
¢, =6,—0,=060"-6,. The total deflection of the ray is equal to the sum of the deflections at each
surface.

$=4+4,=(60°~0,)+(60° ~6,)=120° - 26, =120° —ZSin'l[Sina)oJ

n

Inserting the indices of refraction for the two colors and subtracting the angles gives the difference in
total deflection.

A¢ = ¢violet ¢red {1200 71 |:Sln 60 j|} {1200 ,1 |:Sln 60 j|}
M iotet N4
—2Jsin™! sin 60 _gip”!| S 60" || _ 2Jgin | S 60° | sip~!| S0 60° || _
nred nviolet 1 330 1 341

56. (a) We solve Snell’s law for the refracted angle. Then, since the index varies by only about 1%, we
differentiate the angle with respect to the index of refraction to determine the spread in angle.

. . . [ sin§,
sin@ =nsin@, — 6, =sin 1(—1)
n

AG, N do, _ sin 6, S0, = An  sinf,
An  dn nz\/l _sin’ 4, n \/nz —sin’ 6,
n2
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(b)) Weset n=1.5 and 6, =0°=0rad and solve for the spread in refracted angle.

An sin G, sin 0
AG, =———=(0.01)——— :@
o Jn* —sin* 6, V1.5% —sin* 0
(c) Weset n=1.5 and 6, =90° and solve for the spread in refracted angle. We must convert the
spread from radians back to degrees.

A6, = (0,01)% =0.0089 rad(&j =

J1.5% —sin?90° 7 rad

57. When the light in the material with a higher index is incident at the critical angle, the refracted
angle is 90°. Use Snell’s law.

sind, — 0 =sin'| e |_gin1 133 3350
2.42

n diamond

Because diamond has the higher index, the light must start in

ndiamond sin 01 =n

water

58. When the light in the liquid is incident at the critical angle, the refracted angle is 90°. Use Snell’s
law.

. ) sin @ 1
n. ..sin@ =n_.sinf, — n, .. =n. 2 —(1.00)——— =11.31
liquid 1 air 2 liquid air sin 91 ( )Sin49.6°

59. We find the critical angle for light leaving the water: |
Mo SING, =1, SING, —> | R | air

6, =sin™ | i | = sin™’ LOO_ 45750
n 1.33

water

If the light is incident at a greater angle than this, it will
totally reflect. Find R from the diagram.

R > Htan6, =(72.0cm)tan48.75° =

60. The ray reflects at the same angle, so each segment makes . 0 .
a 14.5° angle with the side. We find the distance £ - 15 |
between reflections from the definition of the tangent d
function.

4
tanBz%—)lz d__140x10 m=5.41><1041m

tand  tan 14.5°

We find the angle of incidence from the distances.

7.6cm
tan6, = ! = Q =095 —» 6, =43.53°
h  (8.0cm)
The relationship for the maximum incident angle for refraction from liquid into air gives this.
My SING, =n, sin6, — ny sinf, . =(1.00)sin90° — sinf, = !
Myiquia

Thus we have the following.
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62.

63.

64.

Sin6, >sinf, _ ——— > sin43.53°=0.6887 > —

Myiquid Piquia
For the device to work properly, the light should experience total internal
reflection at the top surface of the prism when it is a prism to air interface, but
not total internal reflection when the top surface is a prism to water interface.
Since the incident ray is perpendicular to the lower surface of the prism, light
does not experience refraction at that surface. As shown in the diagram, the
incident angle for the upper surface will be 45°. We then use Eq. 32-7 to determine the minimum
index of refraction for total internal reflection with an air interface, and the maximum index of
refraction for a water interface. The usable indices of refraction will lie between these two values.

B_sing, > =i =T gy gy e 130 g
’ ’ sind, sin45°

n, sin@, sin45°
The index of refraction must fall within the range 1.41<n <1.88. |A Lucite prism will Work.|

= Mg 2 1.5

(a) We calculate the critical angle using Eq. 32-7. We calculate the time for each ray to pass
through the fiber by dividing the length the ray travels by the speed of the ray in the fiber. The
length for ray A is the horizontal length of the fiber. The length for ray B is equal to the length
of the fiber divided by the critical angle, since ray B is always traveling along a diagonal line at
the critical angle relative to the horizontal. The speed of light in the fiber is the speed of light in
a vacuum divided by the index of refraction in the fiber.

. £, t { { £
Slnﬁczﬁ ; At:tB—tAz—B__Az__A__AZ_A ﬂ—l
n, v v wsind v ¢/nln,

(1.0km)(1.465) ( 1.465 J -
_ “1]=23x10°
(3.00x10°km/s)\ 1.000 xar 8

(b) We now replace the index of refraction of air (n = 1.000) with the index of refraction of the
glass “cladding” (n = 1.460).

Az:ﬂ[ﬂ—q— (1.0km)(1.465)(1.465 _1j:

c \n, ) 3.00x10°km/s \ 1.460

(a) The ray enters normal to the first surface, so there is no deviation there. The angle of incidence
is 45° at the second surface. When there is air outside the surface, we have the following.

nsing, =n,sinf, — n,sin45°=(1.00)siné,

. . . 1
For total internal reflection to occur, siné, >1, and so n, > — 250 =[1.41].
sin

(b) When there is water outside the surface, we have the following.
nsing, =n,sinf, — (1.58)sin45°=(1.33)sinf, — sin6, =0.84

Because sind, <1,

the prism will not be totally reflecting|

(¢) For total reflection when there is water outside the surface, we have the following.
nsing, =n,sind, — n,sin45°=(1.33)sin6,
n,sin45° =(1.33)sin 6.

For total internal reflection to occur, sind, > 1.

n > 1.33 :

 sin45°
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65.

66.

For the refraction at the first surface, we have the following.
ngsing =nsind, — (1.00)sin6, =nsinf, —
sind, = sini.

n

Find the angle of incidence at the second surface.

(90° - 6,) +(90° - 6,) + A=180° —
0,=4-6,=60.0°- 6,

For the refraction at the second surface, we have this.

nsin®, =n, siné, =(1.00)sin 6,

The maximum value of 6, before internal reflection takes place at the second surface is 90°. For

internal reflection to occur, we have the following.
nsin6, =nsin(A4-6,)=1 — n(sinAcosé, — cos Asin6,)>1
Use the result from the first surface to eliminate #.
in@ (sin Acosé, — cos Asin 6. i
sin g, (sin cos- , — cos Asin®,) _sing sin 4 TN
(sin6,) tand, — cos 4

1 1
[ . j +cos4d () + c0s60.0°
1 |\sin 0, sin45.0°

> - = - =2210 — or
tan &, sin 4 sin60.0°

tand, <0.452 — 6, <243°
Use the result from the first surface.

n_ = -s1n91 :S%l’l45.0 ~1715 —
sin & sin24.3°

2 max

For the refraction at the side of the rod, we have n, siny =n,sin?.

The minimum angle for total reflection y,_ ., occurs when & =90°. |

m
nysiny,, =(1.00)(1)=1 — siny,, _L 90° —
n, |
Find the maximum angle of refraction at the end of the rod. [ 7
B =90° = 7,y —J
Because the sine function increases with angle, for the refraction at a m

the end of the rod, we have the following.

. o : e ane B
nsing,, =n,sinf, — (1.00)sine,, =n,sin(90° - y,..)=n,cos 7,

If we want total internal reflection to occur for any incident angle at the end of the fiber, the
maximum value of a is 90°, so n,cosy,;, =1. When we divide this by the result for the refraction

at the side, we get tany,, =1 — y,.. =45°. Thus we have the following.

1 1
Ny 2 — =
siny,, sin45°

=1.414
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We find the location of the image of a point on the bottom from the n
refraction from water to glass, using Eq. 32-8, with R =

ﬂ+ﬁ:—n2_nlzo —>
d d R
1.58(12.0 —
g =-ndo (120em) _ 14 o6em o1,
n, 1.33

Using this image distance from the top surface as the object for the refraction from glass to air gives
the final image location, which is the apparent depth of the water.

My MMM o g _nd,, _ 1.00(13.0cm+14.26cm)
d, d, R n, 1.58
Thus the bottom appears to be [17.3 cm below the surface of the glass. In reality it is 25 cm.

=-17.25cm

02

68. (a) We use Eq. 32-8 to calculate the location of the image of the fish. We
assume that the observer is outside the circle in the diagram, to the
right of the diagram. The fish is located at the center of the sphere so
the object distance is 28.0 cm. Since the glass is thin we use the index
of refraction of the water and of the air. Index 1 refers to the water,
and index 2 refers to the air. The radius of curvature of the right side
of the bowl is negative.

o m_mon,

d, d R

o 1

—1 -1
ny—m n 1.00-1.33 133
d =n,| 2—L-—L| =1.00 - =[-28.0cm
‘ "{ R d} {—28.0cm 28.0cm}

o

The image is also at the center of the bowl. When the fish is at the center of the bowl, all small-
angle light rays traveling outward from the fish are approximately perpendicular to the surface
of the bowl, and therefore do not refract at the surface. This causes the image of the fish to also
be located at the center of the bowl.

(b) We repeat the same calculation as above with the object distance 20.0 from the right side of the
bowl, so d, =20.0cm.

-1 -1
ny—n _n 1.00-1.33 133
d=n,|2—*1-—1| =1.00 - =|-18.3cm
‘ { R d} {—28.0cm Z0.0cm}

o

The fish appears closer to the center of the bowl than it actually is.

69. (a) The accompanying figure shows a
light ray originating at point O and
entering the convex spherical surface
at point P. In this case n, <n,. The

1
ray bends away from the normal and ~ —F A R
creates a virtual image at point I. d )
From the image and supplementary ?
angles we obtain the relationships
between the angles.

91205_’_:8 02=7+:B
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We then use Snell’s law to relate the incident and refracted angle. For this derivation we
assume these are small angles.

nsinb, =n,sin6, — n6 =n,b,
From the diagram we can create three right triangles, each with height / and lengths d_, d,,
and R. Again, using the small angle approximation we obtain a relationship between the angles
and lengths. Combining these definitions to eliminate the angles we obtain Eq. 32-8, noting that
by our definition d, is a negative value.

h h h
a=— ;y=—; f=—r
o TR TR
n6 =nb, > n(a+p)=n,(y+p)=na+nf=ny+npf —
h h h n, n, n,—n
n—-+n—=n, +n,— - 22 1

— - 1
‘d, 'R *(-d) 'R d, d R
This image shows a concave surface with

n, >n,. Again, we use the approximation

(b)

of small angles and sign convention that
R<0 and d, <0. We write relationships

between the angles using supplementary
angles, Snell’s law, and right triangles.
Combining these equations to eliminate
the angles we arrive at Eq. 32-8.

(©)

h h h
O=p-a ; 6,=F-y ; a=— ; y= ; B=
1 ﬂ a 2 ﬂ }/ o do }/ (—di) ﬂ (—R)
n6 =n60, — ”1(ﬂ_a)znz(ﬂ_V):n|ﬂ_n1a:n2ﬂ_nz7 -
h h h h non, n,—n

nlm—

I’lld—

o

1
do

d,

1

R

This image shows a concave surface with
n, <n,. Again, we use the approximation

of small angles and sign convention that
R<0 and d, <0. We write relationships

between the angles using supplementary [
angles, Snell’s law, and right triangles.
Combining these equations to eliminate the - d; 1, 1
angles we arrive at Eq. 32-8.

6 =p- 'H—ﬂ—a'a——h ; —i'ﬂ——h

1 7 H 2 s (_di) ’ 7/ do ’ (—R)
nb =nb, - n(f-y)=n,(f-a)=nf-ny=nf-na —
h h h h n,oon, n,—n
n———Nn—=n,——=—n, > |—+=2=—"—
(-R) “d, “(-R) (=) d, d__ R
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70. We consider two rays leaving the coin. These rays refract
upon leaving the surface and reach the observer’s eye with
angles of refraction all very near € =45°. Let the origin of
coordinates be at the actual location of the coin. We will
write straight-line equations for each of two refracted rays,
one with a refraction angle of € and the other with a
refraction angle of 8+ d6@, and extrapolate them back to
where they intersect to find the location of the image. We

utilize the relationship f(x+dx)= f(x)+ ( Zf jdx.

X

First, apply Snell’s law to both rays.
Ray # 1, leaving the coin at angle ¢.

nsing = sin @

Ray # 2, leaving the coin at angle ¢+ d¢.
nsin(g+dg)=sin(6+d0)

Note the following relationship involving the differential angles.

sin(g+dg) = sin¢+Md¢ =sing+cosgdg ; sin(6+d0)=sind+cosOdo

d¢
So for Ray # 2, we would have the following Snell’s law relationship.
n[sing+cosgdg]=[sinf+cos@dd] — nsing+ncosgdg=sinf+cosfd —

cosd

ncosgdg=cos@dld — do= do

ncos¢
This relationship between d¢ and d6@ will be useful later in the solution.
Ray # 1 leaves the water at coordinates x, = Atang, y, = h and has a slope after it leaves the water of
m, = tan(90° - 0) =cotf. Thus a straight-line equation describing ray # 1 after it leaves the water is
as follows.
y-»n=(x—x)m — y=h+(x—htang)cotd
Ray # 2 leaves the water at the following coordinates.

d(t
x, = htan($+dg) = h{tan¢+%d¢} = h[tang +sec’ gdg), y,=h
Ray # 2 has the following slope after it leaves the water.
d(cot)

m, =tan[ 90°~(6+d8) | =cot(6+d6) = cot O + d0 = cotf—csc’ 0do

Thus a straight-line equation describing ray # 2 after it leaves the water is as follows.
Y=y, = (x —xz)m2 - y=h+ (x—h[tan¢+sec2 ¢d¢})[co‘c«9—csc2 9dl9]
To find where these rays intersect, which is the image location, set the two expressions for y equal to
each other.
h+(x—htang)cotd=h+ (x —h[tan¢+ sec’ gzﬁa’¢])[cot6’—csc2 0d6’] -
Expanding the terms and subtracting common terms gives us the following.
xcsc’ OdO = htangesc” 0d6 — hsec” gdpcot O + hsec® gdpesc” 0d 6
The first three terms each have a differential factor, but the last term has two differential factors.
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That means the last term is much smaller than the other terms, and so can be ignored. So we delete
the last term, and use the relationship between the differentials derived earlier.
cosd

xcsc’ 0d6 = htangesc” 0dO —hsec’ gdpcotd ; dp= de —
ncos¢
xcsc’ 8d6 = htangesc’ 0dO —hsec’ ¢ cosd dB@cotd
ncos¢

2 .
ncos¢@ csc” @ ncos” ¢

Now we may substitute in values. We know that 8 =45°and 4 =0.75m. We use the original
relationship for ray # 1 to solve for ¢. And once we solve for x, we use the straight-line equation for

ray # 1 to solve for y.

. . .60 . sin45°
nsing=sin@ — ¢@=sin" —=sin"'

=32.12°
n
2 : 2 .
x=h| tang— S 050\ _ 6 75| tan32. 12 SO AN |
ncos’ ¢ 1.33co0s’32.12

y=h+(x—htang)cotd = 0.75+(0.1427 - 0.75tan 32.12) cot 45 = 0.4264m

The image of the coin is located [0.14 m toward the viewer and 0.43 m above] the actual coin.

71. Use Eq. 32-2 to determine the location of the image from
the right mirror, in terms of the focal length. Since this | .
distance is measured from the right mirror, we subtract — i -
that distance from the separation distance between the two
mirrors to obtain the object distance for the left mirror.
We then insert this object distance back into Eq. 32-2, | 0.50m | 050m |
with the known image distance and combine terms to
write a quadratic equation for the focal length.

-1
1t dil:(i_LJ fy

fod, 4 f d, - d, —f
dOZ = D _dil = D— del = Ddo] _fD_fdol
dol _f dol —f
11 1 dy —f | _dyd,~fd,+Dd, ~ D~ fd,

f - doZ diz - Ddol _.fD_fdol diz diz (Ddol _fD _fdol)
di2 (Ddol _fD_fdol): di2d01f_f2di2 +fDdol _sz_fzdol
f2 [a,’i2 +D +d01]—f[2dizd01 +Dd +Ddi2] +Dd d,=0

We insert the values for the initial object distance, final image distance, and mirror separation
distance and then solve the quadratic equation.

£[0.50m +1.00m +0.50m] — £{ 2(0.50m)’ +2(1.00m)(0.50m) | +(1.00m)(0.50m)" = 0
(2.00m) f* —(1.50m*) £ +0.25m" =0

~ 150m’ i\/(1.50m2 )’ ~4(2.00m)(0.25m’")
- 2(2.00m)

If the focal length is 0.25 m, the right mirror creates an image at the location of the object. With the
paper in place, this image would be blocked out. With a focal length of 0.50 m, the light from the

= |0.25m or 0.50m|
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right mirror comes out as parallel light. No image is formed from the right mirror. When this
parallel light enters the second mirror it is imaged at the focal point (0.50 m) of the second mirror.
72. (a) We use Snell’s law to calculate the refracted angle within the medium. 0
Then using the right triangle formed by the ray within the medium, we can !
use the trigonometric identities to write equations for the horizontal
displacement and path length.

sing, =nsinf, — siné, = sin;
n
D 2D 2D 2nD
cosf,=— — = = =
22 cost, \/1_sjn2 0, \/n2 —sin’ 6,
dj2 2nD  sin@, | 2Dsin6),

sind, = — d=4{sinf, =

t)2 \/nz —sin’@g, " \/nz —sin’ 6,
(b) Evaluate the above expressions for 6, = 0°.

2nD 2nD . dj2 2Dsiné,

£ = = =2D ; sinf,=—- 5 d=—"1—"L_=0

\/nz —sin’ 6, Jn® T2 Jn® —sin’ 6,

These are the expected values.

(@) The first image seen will be due to a single reflection off the front glass. This image will be
equally far behind the mirror as you are in front of the mirror.

D, =2x1.5m=[3.0 m|

The second image seen will be the image reflected once off the front mirror and once off the
back mirror. As seen in the diagram, this image will appear to be twice the distance between the
MIrrors.

D,=15m+22m+(22m —1.5m)=2x2.2m =] 4.4 m|

The third image seen will be the image reflected off the front mirror, the back mirror, and off

the front mirror again. As seen in the diagram this image distance will be the sum of twice your

distance to the mirror and twice the distance between the mirrors.
D,=15m+22m+22m+.5m=2x1.5m+2x22 m=[ 7.4 m|

The actual person is to the far right in the diagram.

[.5m - 1.5 m |

. 1.5 m [.5m | = | o [
= - L=
l ] Dl ]
-22m -+ 22m—g - D —-22m 22m
¥
i 2
I D

(b) We see from the diagram that the first image is facing | toward you |; the second image is facing

; and the third image is facing | toward you.

74. Find the angle of incidence for refraction from water into air.
sing, =n, sind, —

ek )

n water

(1.33)sing, =(1.00)sin(90.0° — 13.0°) — 6, =47.11°
(1.33)sin6, =(1.00)sin(90.0° — 13.0°),
We find the depth of the pool from tan, = x/h.

f— S~ —>
M\)%

+
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tan47.11°=(5.50m)/h — h=[5.11m|

75. The apparent height of the image is related to the angle
subtended by the image. For small angles, this angle is the
height of the image divided by the distance between the
image and viewer. Since both images are virtual, which
gives a negative image distance, the image to viewer
(object) distance will be the object distance minus the
image distance. For the plane mirror the object and image
heights are the same, and the image distance is the
negative of the object distance.

hi :ho > di :_do 5 Hlane :L: ho

’ d,—d, 2d,

We use Eq. 32-2 and 32-3 to write the angle of the image in the convex mirror in terms of the object
size and distance.

2_
R R Y A R R N
f do di do_f do_f
ﬂ:_i RN hi:_%:_ hof
hO dD do d _f

o b (hf N d—f )bt
o do - di do - f doz - 2d0f d(? - Zdof

We now set the angle in the convex mirror equal to 2 of the angle in the plane mirror and solve for

the focal length.
— 1 _hof _ ho _ _ g2 _ __ 1
econvcx -2 o - - 4duf - do 2duf - f - 2 do

plane d>=2d,f 4d,
We use Eq. 32-1 to calculate the radius of the mirror.

r=2f=2(~4d,)=~d, =[3.80m]

76. For the critical angle, the refracted angle is 90°. For the refraction from plastic to air, we have the
following.

Mastic SI0 G, sin39.3° = (1 .OO)Sin 90° — n

For the refraction from plastic to water, we have the following.
nplastic Sin gp:lastic = Myater Sin gwatcr - (1 5788) Sin Hpglastic = (1 33) SingOo - 0|;lastic =

= nair Sin eair - nplastic plastic = 1 5788

77. The two students | chose different signs for the magnification, | i.e., one upright and one inverted.
The focal length of the concave mirror is /' =1 R =1(46cm)=23cm. We relate the object and

image distances from the magnification.

m:—i - J_r3:—i — d, =%3d,

Use this result in the mirror equation.

(Lj+[ij=l - [ij{;}zl - d =£,ﬁ=15.3cm,30.7cm
do di f do ($3d0) f ° 3 3

So the object distances are |15 cm (produces virtual image)

,and 31 cm (produces real image).
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78.

The object “creates” the I; images as reflections from the actual

mirrors. The I, images can be considered as images of the [ . Iy )
“objects,” formed by the original mirrors. A specific I, image is the L ¥ L
image of the I, “object” that is diametrically opposite it. Then the I5 _¥ ,\ * B
image can be considered as an image of the I, “objects.” Each I, / \)
“object” would make the I; “image” at the same location. We can _k \\W/ *
consider the extension of the actual mirrors, shown as dashed lines, I, I
to help understand the image formation.

Object

The total deviation of the beam is the sum of the deviations at
each surface. The deviation at the first surface is the refracted
angle 6, subtracted from the incident angle 6,. The deviation

at the second surface is the incident angle 6, subtracted from

the refracted angle 6,. This gives the total deviation.
0=0,+0,=6,-60,+0,-6,

We will express all of the angles in terms of &,. To minimize

the deviation, we will take the derivative of the deviation with
respect to 6,, and then set that derivative equal to zero. Use Snell’s law at the first surface to write
the incident angle in terms of the refracted angle.

sinf, =nsinf, — 6, =sin"' (nsinb, )
The angle of incidence at the second surface is found using complementary angles, such that the sum

of the refracted angle from the first surface and the incident angle at the second surface must equal
the apex angle.

$=06,+0, > 0,=¢-0,
The refracted angle from the second surface is again found using Snell’s law with the deviation in
angle equal to the difference between the incident and refracted angles at the second surface.

nsin@, =sinf, — 6, =sin"'(nsin6,)=sin"' (nsin(¢—6,))

Inserting each of the angles into the deviation and setting the derivative equal to zero allows us to
solve for the angle at which the deviation is a minimum.

§=sin"' (nsin@,)— 6, +sin”' (nsin(¢—6,))—(4—6,)
=sin”' (nsin, ) +sin™' (nsin(g—6,)) - ¢
ds _ ncosf, ncos(¢—06,)

do, \/l—nzsinzﬁz \/l—nzsinz((ﬁ—ﬁz)

In order for 6, = 6,, the ray must pass through the prism horizontally, which is perpendicular to the

=0 > 6,=¢-0, > ‘922‘93:%¢

bisector of the apex angle ¢ Set &, =1 ¢ in the deviation equation (for the minimum deviation, J,,)

and solve for the index of refraction.
8, =sin' (nsind,)+sin" (nsin(¢—6,)) - ¢

=sin”’ (n sin%¢) +sin™ (n sin%gzﬁ) —¢=2sin"" (n sin%gzﬁ) —¢
B sin(%(é‘m + ¢))

sin} ¢

—>|n
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80. For the refraction at the second surface, we have this.
nsin6, =n, singd, — (1.58)sind, =(1.00)sin6,
The maximum value of &, before internal reflection takes place
at the second surface is 90°. Thus for internal reflection not to
occur, we have
(1.58)sin03 <1.00 — sind,<0.6329 — 6,<39.27°

We find the refraction angle at the second surface.
(90° - 6,) +(90° - 6,) + A=180° —
6, =4-6,=72° -6,
Thus 6, >72° —39.27° =32.73°.
For the refraction at the first surface, we have the following.
n,sing =nsinf, — (1.00)sin6, =(1.58)sind, — sinf, =(1.50)siné,
Now apply the limiting condition.

sind, > (1.58)sin32.73°=0.754 —

81. (a) Consider the light ray shown in the figure. A ray of light
starting at point A reflects off the surface at point P before
arriving at point B, a horizontal distance £ from point A. We
calculate the length of each path and divide the length by the 4.
speed of light to determine the time required for the light to
travel between the two points.

A e

c c
To minimize the time we set the derivative of the time with respect to x equal to zero. We also
use the definition of the sine as opposite side over hypotenuse to relate the lengths to the angles
of incidence and reflection.
dt X —(f—x
0=—= — ( - ) -
de o’ +h c\f(t-x) + 12

X (£—x) . :
= — sing, =sind, — -91=02
\/x2+h,2 \/(E—x)2+h22
(b) Now we consider a light ray traveling from point A to point B 4

in media with different indices of refraction, as shown in the
figure. The time to travel between the two points is the

distance in each medium divided by the speed of light in that h P
medium. : !
X £-x n,
, X+ R .\ (f—x)2+h22 p n,
c/n, c/n, h,
To minimize the time we set the derivative of the time with e

respect to x equal to zero. We also use the definition of the
sine as opposite side over hypotenuse to relate the lengths to \ { |
the angles of incidence and reflection.
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82.

&3.

&4.

o0
WD

O—dl mx_ —n, (£ x) mx  _ ACE) —>|n1sin¢91=nzsint92

_ % —>
dx C\/x2+h]2 c\/(f—x)2+h22 \/x2+h12 \/(f—x)2+l’l22

We use Eq. 32-8 to calculate the location of the image and Eq. 32-3 to calculate the height of the
image.

—1 -1
n,oon, n,—n n,—n, n 1.53-1.33 1.33
—+—==——"d =n,| ——-—| =153 - =|36.3cm
A ”{ R do} {Z.OOCm 23em
I —i—ﬂzi = —hoiz —(2.0mm)36'3cm =
h, d d 23cm

o o

3.2mm

A ray of light initially on the inside of the beam will strike the far surface at the /
smallest angle, as seen in the associated figure. The angle is found using the /
triangle shown in the figure, with side » and hypotenuse r+d. We set this angle
equal to the critical angle, using Eq. 32-7, and solve for the minimum radius of
curvature.

sin&cz—zﬁzle r= d
r+d n, n n—1

A relationship between the image and object distances can be obtained from the given information.

1 d
m=-—=-"b > d,=%1d,=[7.5cm|

Now we find the focal length and the radius of curvature.

1 1
_— — =

1 | 1 1
N + =— — f=50cm — -r=10cm
d d f 15cm  7.5¢cm f ! -

o i

If total internal reflection fails at all, it fails for & ~90°. Assume

a =90° and use Snell’s law to determine the maximum f. Ay
|
nysin B =n sina=nsin90°=n, —> sinf=_L o\ _—:—:_'T_ﬁ—;ﬁ
n,
Snell’s law can again be used to determine the angle ¢ for which Air Transparent
light (if not totally internally reflected) would exit the top surface, material

using the relationship £ + ¥ =90° since they form two angles of a right triangle.
. . . . n
nsind =n,siny =n,sin(90°—- B)=n,cos f — sind =-2cosf
nl
Using the trigonometric relationship cos 8 =+/1—-sin’ # we can solve for the exiting angle in terms
of the indices of refraction.

2
sinﬁzﬂwll—siﬁﬂ :ﬁ\/@
n n n,

Insert the values for the indices (7, =1.00 and n, =1.51) to determine the sine of the exit angle.

2
siné‘zﬂ 1- @ =1.13
1.00 1.51

Since the sine function has a maximum value of 1, the light totally internally reflects at the glass—air
interface for any incident angle of light.
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If the glass is immersed in water, then n, =1.33 and n, =1.51.

g 1S [ (133
133\ (151

Light entering the glass from water at 90° can escape out the top at 32.5°, therefore total internal
reflection only occurs for incident angles .

2
j:0.538 — S=sin"'0.538=32.5°

86. The path of the ray in the sphere forms an isosceles triangle with
two radii. The two identical angles of the triangle are equal to the
refracted angle. Since the incoming ray is horizontal, the third
angle is the supplementary angle of the incident angle. We set the
sum of these angles equal to 180° and solve for the ratio of the
incident and refracted angles. Finally we use Snell’s law in the
small angle approximation to calculate the index of refraction.

260, +(180°-0)=180° — =20,
nsin@=n,sinf, — O=nb =20, —

87. The first graph is a graph of n vs. L. The second graph is a graph »n vs. of 1/ A*. By fitting a line of

the form n = 4+ B/4*, we have 4=1.50 and B =(5.74x107)/10*nm™* =[5740nm’|

The spreadsheet used for this problem can be found on the Media Manager, with filename
“PSE4 ISM_CH32.XLS,” on tab “Problem 32.87.”

1.56 ® 1.56
1.55 4 \ 1.55 4 /
1.54 \ 1.54 &
1.53 1.53 ‘ -
= N = ‘y=5.74x103x+1.50
1.52 \\ 1.52 /
151 4 \ 1.51 /
e 1.50

1.50 :

0 250 00 750 1000 1250 0.0 2.0 40 6.0 8.0 10.0 12.0

A (nm) 1A% (10 nm™)

88. (a) As the light ray enters the water drop, its path changes
by the difference between the incident and refracted angles.
We use Snell’s law to calculate the refracted angle. The
light ray then reflects off the back surface of the droplet.
At this surface its path changes by 180°—26,, as seen in

the diagram. As the light exits the droplet it refracts again,
changing its path by the difference between the incident
and refracted angles. Summing these three angles gives the
total path change.

. . . i sin@
sin@ = nsin@, — 6, =sin 1( j
n

¢=(0-0,)+(180°-26,)+(0-0.)=180°+20-40, = 180°+2¢9—4sin'(sm0j
n
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(b) Here is the graph of ¢ vs 6.
The spreadsheet used for this

problem can be found on the 175
Media Manager, with filename 170 \

180

S
“PSE4 ISM_CH32.XLS,” on S 165
tab “Problem 32.88.” 2 \
< 160
= N /
£ 155
(c¢) On the spreadsheet, the 5
incident angles that give 5 1507
scattering angles from 138° to | 145
140° are approximately 140
48.5°< 0 <54.5° and 135 ‘ ‘ ‘ ;
64.5°< 0 <69.5°. Thisis 0 15 30 45 60 75 90
11/90 of the possible incident Incident angle, &

angles, or about .
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