CHAPTER 23

Quick Quizzes

2. (c).Since N, > N, the virtual image of the fish formed by refraction at the flat water

ar’/

surface is closer to the surface than is the fish. See Equation 23.9.

3.  (a) False. A concave mirror forms an inverted image when the object distance is greater
than the focal length.

(b) False. The magnitude of the magnification produced by a concave mirror is greater
than 1 if the object distance is less than the radius of curvature.

(c) True

4.  (b). In this case, the index of refraction of the lens material is less than that of the
surrounding medium. Under these conditions, a biconvex lens will be divergent.

5.  Although a ray diagram only uses 2 or 3 rays (those whose direction is easily determined
using only a straight edge), an infinite number of rays leaving the object will always pass
through the lens.

6.  (a) False. A virtual image is formed on the left side of the lens if p< T.

(b) True. An upright, virtual image is formed when p< F, while an inverted, real image is

formed when p> F.

(c) False. A magnified, real image is formed if 2> p> ¥, and a magnified, virtual image

is formed if p< T.
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Problem Solutions

231

23.2

23.3

If you stand 40 cm in front of the mirror, the time required for light scattered from your
face to travel to the mirror and back to your eye is

A 28 2(040m)

=——— > =27x10"s.
c 30x10° m/s

Thus, the image you observe shows you | ~10™° s younger | than your current age.

In the figure at the right, ' = @ since they are ,

. . . P Q P
vertical angles formed by two intersecting SRR R 3

. . . 0 .
straight lines. Their complementary angles are
also equal or &' =« . The right triangles POR ol o ’
and P'QR have the common side QR and are 5 \\9’
then congruent by the angle-side-angle Sbiect /R I
theorem. Thus, the corresponding sides PQ and Jec 0 mage
P'Q are equal, or the image is as far behind the Mirror

mirror as the object is in front of it.

(1) The first image in the left-hand mirror is 5.00 ft behind the mirror,
or| 100 ftfiom the person |

(2) The first image in the right-hand mirror serves as an object for the left-hand mirror.
It is located 10.0 ft behind the right-hand mirror, which is 25.0 ft from the left-hand
mirror. Thus, the second image in the left-hand mirror is 25.0 ft behind the mirror,
or| 300 ftfiom the person |,

(3) The first image in the left-hand mirror serves as an object for the right-hand mirror.
It is located 20.0 ft in front of the right-hand mirror and forms an image 20.0 ft
behind that mirror. This image then serves as an object for the left-hand mirror. The
distance from this object to the left-hand mirror is 35.0 ft. Thus, the third image in
the left-hand mirror is 35.0 ft behind the mirror,
or | 400 ftfrom theperson |
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23.4  The virtual image is as far behind the mirror View Looking Down
as the choir is in front of the mirror. Thus, South .
the image is 5.30 m behind the mirror. a
mirror =Q
. . 3
The image of the choir is O & O
S ®Q
5 o2q
0800m +530m =610m 7y 9=
. L . ~a
from the organist. Using similar triangles, o
gives Y

h 610m
0600m 0800m

610m
h’=0.600m( j=458m
or ( N ogoom) ~L4%8M |

23.5  Since the mirror is convex, R <0. Thus, R=-0550m . With a real object, p>0, so

p=+100m . The mirror equation then gives the image distance as

1.2 1 qg=—0268m
o —ossom 100m " 97

1_2
g R

Thus, the image is W and located ‘ 0268 m behind them mor |,

Ez_ﬂ: 00268

The magnificationis M =—
100m

Therefore, the image is W (siheeM >0) and ‘ dim hehed n size ‘ (sihee M |<1).

23.6  The ornament is a convex mirror, so R = %(—6.00 an ) =-300 an . The object distance is

positive when the object is in front of the mirror. Therefore, p=+100an and the mirror

equation gives

1— 2 — L or g=-130an
p —300an 100an Y

1_2
g R

e e g -130am
Th ficat then M =——=—-——""—=/0130
e magnification is then 0 100G -
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23.7  Theradius of curvature of a concave mirror is positive, so R=+200 an . The mirror
equation then gives

1 1 p-100am (100an )p

1- 1 —,Orq— .
q p 100an p (100am)p p-100an

B 3 . q_  1833an
() If p=400an, q=+133an and M == "Z00a ~[-0333]

The image is | 133 an in frontofthem mor, real,and nverted ‘

3 3 . q_ 200an
(b) When p=200an, g=+200an and M === "20an =|-100]

The image is| 200 an in frontofthem ior, real,and inverted |

(100an)(100an)

If p=100an , q=
() 1tp 9= 100 —100am

and‘ no im age isom ed. Paralklrays kave them imor

23.8 (a) Since the object is in front of the mirror, p>0. With the image behind the mirror,

g< 0. The mirror equation gives the radius of curvature as

1 1 14
100an 100an 100anm

s

23.9  The cylindrical wall is a highly efficient mirror for sound, with radius of curvature,
R=250m .

In a vertical plane the sound disperses as usual, but that radiated in a horizontal plane is
concentrated in a sound image at distance g from the back of the niche, where

2 1
= - ich gi =1333m
>%0m  200m , which gives q

2_
R

Tl

1
g
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23.10 A convex mirror will form only upright, virtual images of real objects.

Thus, M =—g=%=+%,giving q=—£2)

2 1
The mirror equation, —+—= E = ? , then gives

Tl
ok

or p=—f=—(-200an )= +200an

Ok
-

2
p

23.11 The magnified, virtual images formed by a concave mirror are upright, so M > 0.

=+250, giving

q=-250p=—250(+300an )=—750 an

The mirror equation then gives,

1
f

750

23.12 The object is in front of the mirror, so p=+100 an . Since the image is upright, the

magnification is positive, giving

v a_h_x400an

= =+200
p h 200an

or q=—200p=-200(100an )=—200an
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Then, the mirror equation gives the radius of curvature as

2,11 1 1 _ 21
R p g 100an 200an 200an’
or R=2(2000n\—4000n
1)

Since R >0, the mirror is [ concave

23.13 The image is upright, so M >0 and we have

4

M =—p=+2.0,or q=—20p=-20(25an )=-50an

The radius of curvature is then found to be

11 1 1 2-1 (050m\
4= - = ,or R=2
p g 25an 50an 50an L

2
R

23.14 Since the image is upright, M >0 giving

M =—g=+4oo, or q=—400p,

Then, from the mirror equation,

1,2 1.1 1 1 _4-1
f R p q p 400p 400p’
o p. 3T _300a) o
400 400

240




CHAPTER 23

23.15 The focal length of the mirror may be found from the given object and image distances

as I/ f=1/p+7/q, or

pg (152an)(180an)
p+q 152an +180an

= =+161an

For an upright image twice the size of the object, the magnification is

M :—g:+2oo giving q=—200p

Then, using the mirror equation again, 1/p+1/q=1/ f becomes

111 1 _2-1 1

p g p 200p 200p F’

or p=—1:=16'1(:m =|805an
200 200

23.16 A convex mirror (R <0) produces upright, virtual images of real objects.

WIT

Thus, M >0 giving M =—r—(j=+:—]3',or gq=—-—=

Then, 1Jr1'=E becomes }—Ez— 2
p g R p 100anm

,and yields p=+100an

The object is| 100 an n fiontofthem mor

23.17 A convex mirror forms upright, virtual images of objects that are in front of it. Therefore,
M >0 and we have
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23.18 The magnified, real images formed by concave mirrors are inverted. Thus, M <0 giving

q
M =——=-4,0r g=4p
p

Then, E=E+}
R pq

23.19 (a) Animage formed on a screen is a real image. Thus, the mirror must be W

since, of mirrors, only concave mirrors can form real images of real objects.

(b) The magnified, real images formed by concave mirrors are inverted, so M <0 and

M =-3o 5, or p= 920 45
P 5

5

The object should be| 10m in frontofthem mor

(a - revisited) The focal length of the mirror is

1 1 6 50m
+ = ,or =
10m 50m 50m

= 083m

1
f

Rp  (100m)p
2p—R 2p-100m

11 2
2320 (a) From —+—=—,wefind g=
P g R

The table gives the image position at a few critical p q
points in the motion. Between p=300m and 3.00 m 0.600 m
p=0500m , the real image moves from 0.600 m 0.500 m +o0
to infinity. From p=500m to p=0, the virtual 0 0

image moves from negative infinity to 0.
Note the “jump” in the image position as the ball passes through the focal point of
the mirror.
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(b) The ball and its image coincide when p=0 and when
1p+Yp=2/p=2/R,or p=R=100m

From Ay=v;t+ 12' ayt2 , with v;, =0, the times for the ball to fall from p=300m to

these positions are found to be

_[2(ay)  [2(-200m)
t‘\/ 3, _\/ 980m/52_-and

2(-300m )

t= | ————£=10782
—980 m/SZ

23.21 From AL 1 +n—q2 = d-inil , with R — 0, the image position is found to be
g=—p=- ( 100)(500011) -382an,
n, 1309

or the virtual image is ‘ 382 an bebw the uppersurface ofthe e

23.22  For a plane refracting surface (R — ),

n n n,—n n
Li—2=--2 1 becomes q=——2p
R n,

(@) When the poolis full, p=200m and

qz—[ll#'0 (200m)=-150m,
or the pool appears to be deep.

(b) If the pool is half filled, then p=100m and gq=-0750m . Thus, the bottom of the
pool appears to be 0.75. m below the water surface or below ground level.
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CHAPTER 23

Since the center of curvature of the surface is on the side the light comes from, R <0

n n n,—n
giving R=—40an . Then, ﬁ+é=% becomes

100 100-150 150
q -40an  40an

,or q=—40an

!

Thus, the magnification M = H =—(ﬁ} 4 , gives
h n,)p

. (nq),_  150(-40an) i
h ——L@J h—-m(Z.sm m )—

Light scattered from the bottom of the plate undergoes two refractions, once at the top of
the plate and once at the top of the water. All surfaces are planes (R — %), so the image

distance for each refraction is q:—(n2 / nl) p. At the top of the plate,

" (ZJ oo (225 (6 0en ) ——620n

or the first image is 6.42 cm below the top of the plate. This image serves as a real object
for the refraction at the top of the water, so the final image of the bottom of the plate is
formed at

(o) ()
e =\ P ——anj(ﬁﬂdn + ||
100
=—[§aj (184 an )=-138 an or 13.8 cm below the water surface.

Now, consider light scattered from the top of the plate. It undergoes a single refraction,
at the top of the water. This refraction forms an image of the top of the plate at

O Z—( L J Pr =—(%(1200n )=—900an ,

N, aer 1

or 9.00 cm below the water surface.

The apparent thickness of the plate is then

Ay =|0ps |~ |0 | =138 an —9.00 am =
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23.25 Since the center of curvature is on the side of the surface the light is going to (i.e., in back
n n n,—n
of the surface), R=+800an . Then, Fl +EZ = % yields

150 150-100 100 1
q 800an p 160an

- B , and reduces to

_(240an)p
~ p-160an

Using this result, the computed image distance for each given object distance is:
@ p-2000n ghesa-[Z0en | (o) p-800an gess-
() p=400an givesq=[-800an |(d) p=200an givesq=[-343an |

23.26 The wall of the aquarium is a plane (R — o) refracting surface separating water
(n, =1333) and air (n, =100). Thus, % -i-n—q2 Lt gives the image position as
q——(&\ p——L When the object position changes by Ap, the change in the image

position is Aq=—1AT23 . The apparent speed of the fish is then given by

Ad (Ap/AY 200 an/s
V- =|— = = = 150 an/s
o T 1
23.27 With R;=+200an and R,=+250an, the lens maker’s equation gives the focal length

as

(1 1
LZ.OOO’H 250 an

:(n—l)[R—ll—R—lj:(lm—l) }:oosoo(m-l

1
f

1
S v e kel
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23.28 The lens maker’s equation is used to compute the focal / \

length in each case.

@ %(n—l){%—ﬂ

1 1 - -
f=(1_44—1){ - }: 164 an lB.Ocm\) 4/12.0 cm

120an  (-180an)

(b)

=(1.44_1){ r 1 } f=[164an

1
f 180an (-120an)

23.29 From the thin lens equation, —;+ é = %: , the image distance is found to be
_ fp (200am)p
o= F p-200an
(@) If p=400an ,then q=400an and M =__q=_40.0cm =[-100
p 400anm

The image is | real, iverted ,and 400 an beyond the Ens|

(b) If p=200an, g— o |No in age form ed. Paralklrays kave the Ens)

() When p=100an , q=-200an and

M z_gz_mz +200
p 100 am

The image is‘ virwal,upright,and 200 an  in fiontofthe ns

23.30 Since M :—I—c;, the image distance is =—M p and the thin lens equation becomes

E—i=1 and reduces to pz(l—ij T
p Mp f M
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(@) If F=120an , then p:(l—Mij(uzocm),

M=-100 = |p=+240an

M =+100 = |p=0 (obpctisagainstthe kns)

(b) If F=—120an , then p=(1—Mij(-120cm),

M=-100 = |p=-240an

M =+100 = |p=0 (objpctisagainstthe kns)

Note that in both cases, M approaches +1.00 only in the limit as p approaches zero.
Note also in part (b), the object must be virtual to obtain M =-100.

23.31 From the thin lens equation, %+ (—:; = %: , the image distance is found to be
__fp  (-200an)p  (200an)p
4= p-f p-(-200an) p+200an
-133 am
(@) If p=400an ,then q=-133an and M :——q:—g: +1/3
p 400 an
The image is | virtual,upright,and 133an in frontofthe kns|
(b) If p=200an ,then q=-100an and
q (-100an)
M=-—=————2=|+1/2
=" 200an
The image is‘ virwal,upright,and 100 an  in fiontofthe Iens‘
q (-667an)
(c) When p=100an, q=-667an and M =——=——"—"—"-= +2/3
p 100 am

The image is | virtual,upright,and 667 an in fiontofthe lens‘
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CHAPTER 23

g =+200, then q=—200p and the thin lens equation gives
f
E_ 1 =+ 1 :E,or p:_=—15.ocm =750 an
p 200p 200p f 200 200
so the object should be| 750an in frontofthe kns
(@) The real image case is shown in the ray Object

diagram. Notice that p+q=129an , or f=2.44cm

g=129 an - p. The thin lens equation, with

F/

=244 an , then gives FNN
1 1
V

1

R —

p 129an -p 244anm | Image
< p r“ q >

<«—p+q=129cm——m>

7

or P’ —(129an )p+315an?=0

Using the quadratic formula to solve gives

‘p=963<3n or p=327 an

Both are valid solutions for the real image case.

The virtual image case is shown in the second ray Virtual f=244cm
diagram. Note that in this case, q:—(12 9an + p) , Image E<—D
so the thin lens equation gives ﬁ t

1 1 1

Object

p 129an +p 244an

or p’+(129an )p-315an*=0

The quadratic formula then gives p=210an or p=-150an .

Since the object is real, the negative solution must be rejected leaving | p=210an |
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23.34 We must first realize that we are looking at an upright, magnified, virtual image. Thus,
we have a real object located between a converging lens and its front-side focal point, so

q<0,p>0,and £>0.

The magnification is M . 2, giving =-2p. Then, from the thin lens equation,

L1 1.1 f=2p=2(284an )=| 568 an

p 2p 2p T

23.35 It is desired to form a magnified, real image on the screen using a single thin lens. To do
this, a converging lens must be used and the image will be inverted. The magnification

then gives

h -180m q
" h T 2aDx0°m  p O 4=750p

Also, we know that p+q=300m . Therefore, p+750p=300m giving

_300m _ sos.102m =[395mm |

b) P 760

(@) The thin lens equation then gives —+ 1 70 1 ,
p 750p 750p F

or #=(22) () (595 m)~[30m |

760 760

1 1
23.36  We are given that p=10 F. Then, the thin lens equation, —p + a = gives

a- pf :(101‘)f:[1_0jf
p—-f 10F-F \ 9

Thus, the image is located distance

Ax=q- f= (1—;) - f=| /9 outside the ocalpoint
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All virtual images formed by diverging lenses are upright images. Thus, M >0 and the
magnification gives

1
M :——q:+—, or q:—_

p 3 3

©

1 2 1
Then, from the thin lens equation, B _F_S; = ——p = - or p=—2F= 2| fl

The object should be placed at distance 2| f| n frontofthe kns

(@) The total distance from the object to the real image is the object-to-screen distance,
so p+q=500m or gq=500m - p. The thin lens equation then becomes

1 ~500m
500m -p p(500m -p)’

1 1
—_ =4
fp

or p°—(500m )p+(500m)F=0

With £=0800m , this gives p*~(500m )p+400m =0 which factors as
(p—4.00 m )(p—lDO m )= 0 with two solutions:

‘p:400m and p=100m ‘

1 1
(b) If p=400m , then q=100m and M —-3-_10m __1
p 400m 4

In this case, the image is | real, nverted ,and one-guarter the size ofthe objact‘

4
If p=100m ,then q=400m and M __8__ QOm =—4 . In this case, the image
p 100m

is \ real, inverted ,and urtim esthe size ofthe ob ject\

Since the light incident to the first lens is parallel, p, = and the thin lens equation
gives ¢ = £=-100am .

The virtual image formed by the first lens serves as the object for the second lens, so
p,=300an + |q1| =400 an . If the light leaving the second lens is parallel, then ¢, =0

and the thin lens equation gives £=p, = .
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2340 With p,=200an and £=250an, the thin lens equation gives the position of the

23.41

image formed by the first lens as

p,f  (200an)(250am)

q = = =-100 an
p—-f 200am -250anm
I . . q (-100am)
and the magnification by thislensis M ; =——=—>——+=+500
[0} 200 an

This virtual image serves as the object for the second lens, so the object distance is
p,=250an + |0a| =125 an . Then, the thin lens equation gives the final image position as

p,£ (125an)(-100am )

= =-926am
p,—f 125an —(-100an)

qZ:

with a magnification by the second lens of

M, __ % _ (-926am) —+00741
p, 125an

Thus, the final image is located ‘ 926 an n frontofthe second Iens| and

the overall magnificationis M =M ;M , = (+ 5.00)(+ 0.0741) = W

The thin lens equation gives the image position for the first lens as

p,f  (300am)(150am)

p,—f 300an -150an
and the magnification by this lens is M 1:_&:_30.0011 =-100
p, 300an
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The real image formed by the first lens serves as the object for the second lens, so
p,=400an —qg =+100 an . Then, the thin lens equation gives

p,£ (100am )(150am)
p,— € 100an —-150am

Q= =-300anm

and the magnification by the second lens is

y :_&:_(—300011 ) 300
> p 100 an

Thus, the final, virtual image is located | 300an n firontofthe seocond Iens|

and the overall magnificationis M =M M , = (—1.00)(+ 3.00) =

(@) With p,=+150an , the thin lens equation gives the position of the image formed
by the first lens as

p,f  (150am )(100am )

= =+300anm
p—f 150an -100am

q-:

This image serves as the object for the second lens, with an object distance of
p,=100an —¢ =100an -300an =-200an (a virtual object). If the image
formed by this lens is at the position of O ,, the image distance is

% =—(100an +p;)=—(100an +150an )=-250an
The thin lens equation then gives the focal length of the second lens as

PG (—200am)(-250an) 111
= = =| = OT]
K p,+d —-200an -250an

(b) The overall magnification is

M =M M 2:(_%\(_%J:(_30-0@1){_(—250@)

=(+250
150 an (—ZODGn)}

(c) Since @, <0, the final image is W; and since M >0, it is| upright|.
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p,f _(400an)(800am)

From the thin lens equation, ¢ = = =-800an
p—f 400an -800am
L . . q (-800an)
The magnification by the first lensis M ; =——=-——"—-+=+200
P, 400 an

The virtual image formed by the first lens is the object for the second lens, so
p,=600an + |ql| =+140an and the thin lens equation gives

pf (140an)(-160an)

= =-747 an
p,— € 140an —(-160an)

qZ:

o _ @ (-747a)
The magnification by the second lensis M , =——=--———+=+0533, so the overall
P, 140 am

magnificationis M =M M , :(+2.00)(+0533) =+107

The position of the final image is| 747 an i frontofthe second Ens

h'=M h=(+107)(100an )=| 107 an
Since M >0, the final image is ' and since @, <O, this image is w.

, and its height is

(a) We start with the final image and work backward. From Figure P22.44, observe that
@ =—(500an —310an )=—190an . The thin lens equation

@£ (-190am)(200an)
q@-f -190an —200am

then gives p, = =+974 an

The image formed by the first lens serves as the object for the second lens and is
located 9.74 cm in front of the second lens.

Thus, g, =500an -974an =403 an and the thin lens equation gives

D = af (403an)(100am)

= = =+133an
q-f 403an -100an

The original object should be located | 133 an |in front of the first lens.
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(b) The overall magnification is

() o)
w3 (-

(c) Since M <O, the final image is
and since @, <0, it is w

23.45 Since the final image is to be real and in the film plane, ¢, =+d.

403011)( (-190a)) =55
133 an L_ 974an )

@f d(130am)
q-f d-130an

Then, the thin lens equation gives p, =

Note from Figure P23.45 that d< 120 an . The above result then shows that p, <0, so

the object for the second lens will be a virtual object.

The object of the second lens (L,) is the image formed by the first lens (L, ), so

130an j d?

=P20an -——
d-130anm d-130am

q=(120an —d)-p,=120an —d[1+
If d=500am , then g =+151an ; and when d=100an , g =+453an

af _ q(150an)
gq-f gq-150an

From the thin lens equation, p, =

When ¢ =+151an (d=500an ), then p, =182x10° an =182m

When ¢ =+453an (d=100an), then p,=224an =0224m

Thus, the range of focal distances for this camera is ‘ 0224m ©182m

23.46 Consider an object O, at distance p, in fi fa
front of the first lens. The thin lens equation Q _
gives the image position for this lens as ﬁ P2=-01

1 1 1 "‘@"" B
a £ p I, @

| | l1=02
< p1 > Q2>
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The image, 1, formed by the first lens serves as the object, O, for the second lens. With
the lenses in contact, this will be a virtual object if I, is real and will be a real object if L
is virtual. In either case, if the thicknesses of the lenses may be ignored,

p,=-¢ and i=—i=—i+i
. a fp

Applying the thin lens equation to the second lens, 1 + 1.1 becomes

1 1 1 1 1 1
-——+—+—=—or —+—=—+

S Y
tpe t pag %
Observe that this result is a thin lens type equation relating the position of the original
object O, and the position of the final image 1, formed by this two lens combination.

Thus, we see that we may treat two thin lenses in contact as a single lens having a focal

1 1 1
length, f, givenby | —_=—+—|
L

Since q=+800an when p=+100an , we find that

1, 1 _ 180
100an  800an 800aQm

1 1 1
—_— =t —=
f paq

Then, when p=200an ,

1 1 1 180 1  180-400 140
g f p 80an 200aon 80an 80an’
or = 80123“ —4+571am

Thus, a image is formed | 571 an i fiontofthem mor
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23.48 Applying the thin lens equation to the first lens gives

pf  (12an)(-60an)

= =-40an
p-f 12an —(-60an)

(}L:

The virtual image formed by the first lens serves as the object for the second lens. If the
image formed by that converging lens is to be located at infinity, the image formed by
the diverging lens must be located at the focal point in front of the converging lens.

Thus, p, =d+[¢|= & or d= §-|q=12n ~40n =[80an |

23.49 We are given that the image is upright, so
M = —‘—;= 10500 or g=—0500p

The distance between image and object is p+g=p-0500p=200 an , which gives
p=400an and g=-0500p=-200an . Then, from the thin lens equation,

400 -200
p+gq 400an -200am

23.50 Since the object is midway between the lens and mirror, the object distance for the
mirror is P, =+125 an . The mirror equation gives the image position as

2 1 5-4 1
200an  125an  500an  500an

i—g—i ,or ¢ =+500an

@ R p

This image serves as the object for the lens, so p,=250an — ¢ =-250 an . Note that
since P, <0, this is a virtual object. The thin lens equation gives the image position for

the lens as

g=t2t _ (-250an )(-167 an)

= = =-503am
p,-f -250an —(-167an)
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Since @, <0, this is a| virtual | image that is located 50.3 cm in front of the lens or
253 an behind them imr|. The overall magnification is

b)) [ 500011\{_(—503071)

() o)
4 leMzzk_Eﬂ__Jz “125a )| (-250an)

=|+805
P

Since M >0, the final image is

23.51 As light passes left-to-right through the lens, the image position is given by

Pt _(100an )(800an)
p,—f 100an —800am

¢ = =+400 an

This image serves as an object for the mirror with an object distance of
p,=100an —q, =-300an (virtual object). From the mirror equation, the position of the

image formed by the mirror is

=-600an

o PoE _(-300a)(-500a)
p,— € -300an —(-500an)

This image is the object for the lens as light now passes through it going right-to-left.
The object distance for the lens is p, =100 an — g, =100 an —(—60.0 an ), or p,=160an .

From the thin lens equation,

P,E _(160an)(800an)

= =+160 an
p,—f 160an —-800am

qu

Thus, the final image is Iocated‘ 160 an 1 the Eftofthe Ens|

The overall magnificationis M =M ;M ,M ;= [—i} {—&) [—&} , Oor

S VAN S VAN

(o) o) -0

Since M <O, the final image is .
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23.52

23.53

23.54

(@)

(©)
(d)
(e)

A hemisphere is too thick to be described Air
as a thin lens. The light is undeviated on >
entry into the flat face. We next consider »
the light’s exit from the curved surface,
for which R=-600an .

The incident rays are parallel, so p=co.

n
Then, —* +
p

CHAPTER 23

Using the sign convention from Table 23.2, the radii of curvature of the surfaces are

R, =-150an and R, =+100 an . The lens maker’s equation then gives

1 (1 1) (1 1 )
TR /) =10 5o “mpar) & TET20 |
If p— o, then q= f=

pf p(-120an)
p-f p+120am

If p=3|#{=+360an , q=|-900an |
If p=|fi=+120an , q:
If p=|fl/2=+600an , g=|-400an |

and the following results:

The thin lens equation gives, =

n_n

- 1 100-1
Tnlbecomes 0+ .OO: 00-1%6

-600an

from which

(@)

The thin lens equation gives the image distance for the first lens as

pft _(400am )(200 an )

q = =+400am ,
p—f 400an -200am
400
The magnification by this lens is then M ; . N 100
p, 400am
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The real image formed by the first lens is the object for the second lens. Thus,
p,=500an —q =+100an and the thin lens equation gives

p,£ (100am )(500am)
p,— € 100an —-500an

Q= =+100an

The final image is| 100 an i back ofthe second ns|

100
(b) The magnification by the second lensis M , . Sl =-100, so the overall
p, 100am

magnificationis M =M M , = (—1.00)(—1.00) =+1.00. Since this magnification has a

value of unity, the final image is the same size as the original object, or

=M h =(+100)(200an )=[200an |
The image distance for the second lens is positive, so the final image is .

(c) When the two lenses are in contact, the focal length of the combination is

1 1 1

1=i+—= + ,or F=400an
f £ £ 200on 500a0m
The image position is then
pf _(500an)(400an) _r—%55an

“p—f 500an —400am

23.55 With light going through the piece of glass from left to right, the radius of the first
surface is positive and that of the second surface is negative according to the sign
convention of Table 23.2. Thus, R, =+200an andR,=-400an .

Applying % + n—qz L I; ™ o the first surface gives

100  150_150-100
100an g +200an’

which yields ¢ =-2.00 an . The first surface forms a virtual image 2.00 cm to the left of
that surface and 16.0 cm to the left of the second surface.
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The image formed by the first surface is the object for the second surface, so
n n n,—n

p,=+160an and —*+-—2=-—2—2 gives
P qg R

150 100 100-150
160an g  -400an

or ¢, =+320an

The final image formed by the piece of glass is a real image located

320 an 1 the rghtofthe seocond aurface

23.56 In the original configuration,

p,+¢q=150m,

or ¢ =150m —p,

In the final configuration, p, =p, +0900m , and

=0-0900m =150m —p, —0900 an

or ¢, =0600m —p,

1
From the thin lens equation —=—+—= E +

B
2|
R |-

1
f

or —+ 1 = = + 1
p, 150m-p, p,+0900m 0600m —p

Combining fractions gives

150 m 150 m

p(150m —p;) (p,+0900m )(0600M —p,)’

or (p,+0900m )(0600 M —p,)=p,(150m —p)

(a) Simplifying yields 0540 m *+(0600m —0900m )p,=(150m )p,

0540m?

o —0300m Jand p,=p, +0900m =[120m |

or p, =
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(b) Then, q=150m —p,=120m and the thin lens equation gives

f= PGy _ (0300m )(120m ) :

P +0Q 150m

(c) The second image distanceis @, =0600m —p, =+0300m and the magnification for

this configuration is

_ @ 0300m _
MZ_ pz_ 120m _

Thus, the second image is ‘ real, nverted ,and dim nshed

23.57 From the thin lens equation, the image distance for the first lens is

p £ :(4ODcm )(300am )

Q= =+120am ,
p,—f 400an —-300am
and the magnification by this lens is M , _ 4 __ 1Xa =-300
p, 400am

The real image formed by the first lens serves as the object for the second lens, with
object distance of p,=110an — ¢, =-100an (a virtual object). The thin lens equation

gives the image distance for the second lens as

Rt _(-100an)%
p,—f -100an - £

q2:

(@) If £=—200an , then g,=+200an and the magnification by the second lens is
M,=-0/p,=—(200an)/(-100an )=+200

The final image is located ‘ 200 an 1 the rghtofthe second Iens|

and the overall magnificationis M =M ;M , =(-3.00)(+200) =
(b) Since M <O, the final image is
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(c) If £=+200an , then q,=+667 an ,

and w,—-b__ BT _ 4467
p, (-100an)

The final image is| 667 an 0 the rightofthe second Ens|

and the overall magnificationis M =M ;M , =(-3 .OO)(+ 0.667) = m
Since M <O, the final image is

23.58 The object is located at the focal point of the upper
mirror. Thus, the upper mirror creates an image at
infinity (i.e., parallel rays leave this mirror). The lower F
mirror focuses these parallel rays at its focal point,
located at the hole in the upper mirror. Thus, the
‘ in age B real, nverted ,and actualsize‘

For the upper mirror:

1 1 1 1 1 1
== > ——+—= : g, =
p q F 750 an q 750am
For the lower mirror:
i + i = 1 : 0, =750am
o @ 750an
Light directed into the hole in the upper mirror
reflects as shown, to behave as if it were reflecting
from the hole.
23.59 (a) The lens maker’s equation, 1 (n—- 1)(i - i\ , gives
; \R, R,/
1 :<n_1)( 1 1)
500 an LQ.CDGT] —110ch

1 90
hich simplifies to n=1+ ( ]: 199
which simplifies to s00\110:900 -
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(b) As light passes from left to right through the lens, the thin lens equation gives the
image distance as

p,f (800an)(500am)

= = =+133an
p,—f 800an -500an

This image formed by the lens serves as an object for the mirror with object distance
p,=200an — g =+667 an . The mirror equation then gives

p,R  (667an)(800an)

= = =+100an
2p,—R 2(6.670n )—8000m

G

This real image, formed 10.0 cm to the left of the mirror, serves as an object for the
lens as light passes through it from right to left. The object distance is
p;=200an —q,=+100an , and the thin lens equation gives

o - pf :(10£)cm)(500cm):+10.0cm
p,—F 100an —500an

The final image is located ‘ 100 an 1 the Eftofthe kbns ‘ and its overall

magnification is
SR EEE R T .

(c) Since M <O, the final image is

qf

23.60 From the thin lens equation, the object distance is p=—— o f

4
(@) If q=+4TF, then nglz hal

-3 f
(b) When q=-3T, we find pz( 9 _|2f
-3f-f | 4
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23.61 If R,=-300m and R,=-600m , the focal length is given by

or

(@)

L T \_(nl—nz\[ —1)

t \n, ) Z300m "e00m) " n, eoom

_(500m)n,

= &)

6.00m )(100)

If n, =150 and n, =100, then f=( =-120m
100-150

pf (100m)(-120m)

= =-545m
p—f 100m +120m

The thin lens equation gives (=

A virtual image is formed ‘ 545m B the Eftofthe Iens|

If n, =150 and n, =133, the focal length is

p_(600M)(A33) oo
133-150

nd o= pf (100m)(-469m)

= = =—824m
p—F 100m +469m

The image is located‘ 824 m 1 the Eftofthe Iens|

(600m )(200)

When n, =150 and n,=200, f=
200-150

=+240m

_ pf (100m)(240m)

= = =-171m
p—-F 100m -240m

and

The image is| 171m 10 the Eftofthe kns|

Observe from equation (1) that ¥<O0 if n,>n, and >0 when n, <n,. Thus, a

diverging lens can be changed to converging by surrounding it with a medium
whose index of refraction exceeds that of the lens material.
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Answers to Even Numbered Conceptual Questions

10.

12,

14.

16.

If the finger and the image are at the same distance from you, then they will coincide
regardless of what angle you view them from. However, if one is closer than the other,
they will appear to coincide only when viewed along the line connecting their positions.
When viewed at any angle to this line, the finger and image are seen separately.

Chromatic aberration is produced when light passes through a material, as it does when
passing through the glass of a lens. A mirror, silvered on its front surface never has light
passing through it, so this aberration cannot occur. This is only one of many reasons why
large telescopes use mirrors rather than lenses for their primary optical elements.

Make the mirror an efficient reflector (shiny); use a parabolic shaped mirror so that it
reflects all rays to the image point, even those far from the axis; most important, use a
large-diameter mirror in order to collect more solar power.

A flat mirror does not reverse left and right. The image of the left hand forms on the left
side and the image of the right hand forms on the right side.

All objects beneath the stream appear to be closer to the surface than they really are
because of refraction. Thus, the pebbles on the bottom of the stream appear to be close to
the surface of a shallow stream.

An effect similar to a mirage is produced except the “mirage” is seen hovering in the air.
Ghost lighthouses in the sky have been seen over bodies of water by this effect.

Actually no physics is involved here. The design is chosen so your eyelashes will not
brush against the glass as you blink. A reason involving a little physics is that with this
design, when you direct your gaze near the outer circumference of the lens you receive a
ray that has passed through glass with more nearly parallel surfaces of entry and exit.
Then the lens minimally distorts the direction to the object you are looking at.

Both words are inverted. However OXIDE looks the same right side up and upside down.
LEAD does not.
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Answers to Even Numbered Problems

4.

6.

8.

10.

12,

14.

16.

18.

20.

22,

24.

26.

28.

30.

32.

34.

36.

38.

40.

4.58 m

0.130

(@) 222cm (b) M =+100
20.0 cm in front of the mirror

concave, R=400an

30.0 cm

10.0 cm in front of the mirror

48.0 cm

(@) From p=300m to p=0500m , the image is real and moves from g=0600m to
g=+o.From p=0500m to p=0, the image is virtual and moves from q=-0o to q=0.
(b) 0.639sand 0.782s

(@) 1.50m (b) 1.75m
4.82 cm

150 an/s

(@) 164 cm (b) 164 cm

(@@ M =-100 for p=+240an ,

M =+100 only if p=0 (object against lens)
(b) M =-100 for p=-240an ,

M =+100 only if p=0 (object against lens)

7.50 cm in front of the lens
5.68 cm

T/9 outse the Pocalpoint

(@ p=400m or p=100m
(b) One image is real, inverted and one-quarter the size of the object. The other image is
real, inverted and four times the size of the object.
9.26 cm in front of the second lens, M =+0370
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42,

44.

48.

50.

52.

54.

56.

58.

60.

CHAPTER 23

(@) -11.1cm (b) M =+250
(@) 13.3cm (b) M =-590 (o)
8.0 cm

25.3 cm behind the mirror, virtual, upright, M =+805

(@)
(d)

(@)
(©)

(@)
(©)

-12.0 cm (b) -12.0cm ()
-6.00 cm (e) -4.00cm
10.0 cm in back of the second lens (b) 2.00 cm, real

20.0 cm in back of the second lens

p,=0300m , p,=120m (b) 0.240m
real, inverted, and diminished with M =-0250

It is real, inverted, and actual size.

(@)

41/3 (b)y 314 ()
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(c) virtual, upright

inverted, virtual

-9.00 cm

-3, +4
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