2-16. The plane side of the lens has R = co. The radius of curvature R of the convex side is then found from
the lensmaker’s equation:

lf: n2—m (i,i)i 1 _152-1 <L—i>ﬁ o= —13cm

(151 Rl RQ 25 1 o RQ

, . . 1 no—mn 1 1
2-17. In general the lensmaker’s equation gives, — —#( )

= m \R R
For the positive meniscus lens shown to the right, Ry =5cm and Rs =10cm.
Then, #:Lﬁ(%f%) = f=+20cm ! Ry
For the negative meniscus lens shown to the right, Ry =10 cm and Ry =5 cm.
For this case VY e f 20 cm B
- this case, —= ———|=f=—20c¢
Cf | 10 5 ‘ Ro

2-20. See Figure 2-36 in the text. Consider the three media as a sequence of three thin lenses. Each has a focal
length given by the lensmaker’s equation, and the equivalent focal length is given Eq. (2-33) as,
1 1 1 1 1 1 1 ,
— =—+—+— Then, —=(15-1)[ ———— )= f; =30cm,
T A 7=l ’(se fla)*‘l

1 . ! LY e 150 L for f e fae 30 ,
figi (1.65—1) <7 TE l;‘;) or fa= 13 o and s =sameas for f1: fs=30cm. Then,

1 1, =13 1

Foq 30 150 30

andso f, q=—50em.

2-22. Refer to Figure 2-37 in the text.

1 1 1 , s’ —3f/5
ns headi rards mirror: 4+ =" _ors' =—37¢f/5H. = —=— = =2/5
(b) Lens heading towards mirror SR TS =7 or s 3 /5. ma . 37/2 /5

Mirror:

< 1 N
s=3f+3f/5=18f/5= 1; f_i/ =if=> §'=18 f/13, me=—"=— (18 f/13)/(18 f/5) = — 513
S s
Lens after reflection: )
s=3f—-18 f/13=21 f/13= ;l‘gf + % — _i‘for =21 f/34, ma=—s'fs=— (21 £/34)/(21 {/13) = l;i

9 = .
mr = (%) ( - 1)‘5) (ii) = — 17. The image is inverted, (21/34) f behind (right of) lens, inverted, and

1/17 original size.

2-27. See Figure 2-38 in the text. The applicable relations are:
1 1 1 1
=—and —+ —F=—,
sy sy f

Geometrical: L =s1 + 5] =52+ s}, D =s0— 51 =5] — s}

: 1
Lens equations: — +
S1

1
s

Thus,

! ! ! !

_S1851 _ S181 _ 8283 S2890 (lj
T s+ s8] L sa+sh L

Because the lens equation can be satisfied the second time by simply interchanging object and image dis-
tances,

e I e 9

so=51 and s5=s1 (2)
Adding and subtracting the equations L = s+ sgand D = — 51 + s9, we get,
L —D=2sand L+ D =2s,. Their product is by Eq. (1), L?> — D?=4s 55, or by Bq. (2), [2—-D?=4 fL.

L2 D2 ’

Thus, [f=

4L



2-23. The arrangement of the object and lenses is shown below.

/P 20 cm 30 em \ 20 cm

1 ‘z 3

(a) fi=+10cm, fo=+15cm, f3=+20cm

1st lens: i + i = L 8'=20
20 &'

my=—20/20=—1
A 11 1 i . ‘
2nd lens: oty =18 s'=—=30 me=-(-130)/10=+3
3rd lens: i ,L = mg=—100/3(50)=—2/3

50 s" 20 Lo

mp =1y momg=+2
(b) fi=+10cm, fo=—15cm, fs=+20cm
. 1 1 1
Istlens: — +

= —=— s’ =20 mp=—20/20=—-1
2050,

ondlens: — + —=—— §'=—§ o=—(—6)/10=+0.6

2ndlens: wte=—1 ° § Mo ( )/10 0.6

3rd lens: L + L L
26 i

ma=—520/(6 x26)=— li]

mr =11 mams=-+2
() fi=—10ecm, fo=+15cm, f3=—20cm
; 1 1 1 o . o 1
1st lens: T =T 3'=20/3  mi=—(-20)/320)==

3
2nd lens: ﬁ + 'j/ — l{'x s'=330/13 mao=— % == %
3rd lens: _T’—lllg % = 712” s'=140/19 mz=— % :%
me =1 momg=—6/19
2-31. The distance between the object and the image is D=s+s"=s+ H‘I s 7 This is minimized when,
dD_ | =DNI=Ts _,_, |

= ————=0=s(s—2 f)=0=s=0, 2 f. The minimum distance D occurs when s=2f
ds (s — 1) .
] ) o F@2f) _, S S " I
and has the value D=2f+ 37 f__L‘f' That is, in this configuration s =s'=2f




3-1. The entrance pupil is the aperture stop so no elements precede the aperture stop. The exit pupil is the
image of the aperture stop formed by the lens. The position and size of the the exit pupil are found from
the thin lens equation with the object being the aperture stop.

Exit Pupil and Size:

=5'=—3.33cm

~ x2cm=3.33cm

Image Position and Size:

1 | :
+== = s’ =10cm
10em s’ Sem
m=—s5"/s=—=10/10 =— 1 = size = 1 x 2cm = 2 cm, inverted

The system is drawn to scale below.

]
ExP 1 A8 Lens

|
|
'

ey

Image

Object

3-4. (a) The vertical and horizontal scales in the figure differ by a factor of 4.
Object plane Image plane
Lens 1 Lens 2

i T Aperture ,!\ i
(b) Image Plane:

s 40/3) (4 . . .
s{= H'fl_‘ }1 = (j:_jlf;i(;) =20cm (right of Lens 1) sj=

fasa _ (20/3)(10)

o fa 10-2073 =20 cm (right of Lens 2)

(¢) Candidates for AS: Lensl, Aperture, or Lens 2.
2
Lenssubtends at anangleof 1 = j =0.05rad.

. . 20 (40/3
Aperture image in Lens 1: s’ :miim/)j =

s 30 (40/% . W . 3 LR
Lens 2 image through Lens 1: s ::;(,47205)3 =24 cmleft of Lens 1 or 16 cimright of object.

40 cm, or at object plane, then@aperture = 0°

m=— .s'l/'.a- =—24/30=—0.8 sosize=0.8 x 2=1.6cm, fr2= % =0.1>0.05
;
Thus Lens 1 behaves as the AS. It is also the E, P, being the first in line.

(d) Exit Pupil E(P: Image of AS (i.c., Lens 1) in Lens 2:

f_ sf2 0 30(20/ - . . , 357 1 oes -
§=-"2 ! ) =8.57 cm, right of Lens 2, m=— s BT =0.2857T=2/Tso Dp,,=

sre  SULAN/S) .
s—f2 30-20/3 B o x

cm

=1 o

e
7

((‘) Field StOp: Either _-“\.p(‘l'Tlll'(‘ or Lens 2, whichever subtends the smaller ﬂllgll‘ at center of Enp Lens
18

(2 —L':’ =0.025:0 —;) =0.06

/ ) = =U. N ) 2= = U.ub

Aperture 20 Lens 2 A /

Thus the Aperture Stop behaves as the field stop (FS). Continued on next page



3-4. (e) continued.
Exit Window: Image of FS in following elements — lens Lens 2.

, 20/: . . 5 & G E
s :w:ﬂlmm right of Lens 2, in image plane,
10—-20/3

m=— .%‘]/f-‘ =20/10=-2s0Dp,wu=2x05=10cm

(f) Angular field of view: Drawn not to scale,

EW E,P E.P E,W
1 1= 1 -
1 ch \) a=15= 0.0125rad }:\/\'@ 1 lem 0= 03 0.0875rad
a=143°
<> < > a'=5.01°
40cm 11.43cm

3-16. Using Eq. (3-35),
11 1 L 1 1 15

F A F fifs 20 =8 (20)(-8)

If the film plane is in the image position for an object at infinity, its position can be found as follows. The
image formed by the first lens of the object at infinity falls at the focal point of the first lens which is 5 em
past the second lens. This intermediate image serves as the object for the second lens. That is ss = —5cm.
The final image position relative to the second lens can be found using the thin lens formula,

1 1 1 1 1 |

N —

B 5 s —®

= f=53.3cm

—+—= = s5=13.33cm
-'7'2 .‘42

That is, the film should be placed 13.33 cm past the negative lens of the combination. The image size h' of

a distant object subtending an angle of 2° at the camera is found using the eflective focal length of the lens.

|| B

- 18
7 T 5333cm yem

tan2° =

Alternately one may find the image height as,
! / () 9 q¢
h'=mimah=— 1( — 2) = ziiferd Lfﬁ h=(53.33 cm) J_r = (53.33 cm) tan 2° = 1.86 cm
s1 S9 51 — 3 S1
3-22. The focal lengths of the two lenses are, fi = fo=3cm and they are separated by L =2.8cm.
(a) The equivalent focal length is,
1 1 1 L 1 1 28

e :i_ =R =3t3— 9 feq=2.8125cm

(b) The magnification is,

M= 1o B L 1-99~10x
feq 2.8125
3-23. (a) The system is sketched below.
Obj Ocular 5!
. F,; cuar M =mopj X Moe =2 %10 where s’ = [+16=16.5cm
s

$'f _ (165)(0.5) _8.25

§=

i y

16 cm : g — f T 165—-05 16
16.5 em ; < = n
‘ im| =2 = 069 U6) 59 ar_ 39y (16) =320 x
s 8.25 ) ‘
(b) s= b_‘ff’ =0.516cm
4]

3-26. L, L, :i, =5 =02013m, m="= = =0.006711, h' =mh=h= i — & =0.149m =14.9cm
30 s 0.2 5 30 m 0.006711




3-31.

3-32.

See Figure 3-39 in the text. In the normal position, s,. = fo. =5 cm. But when s”=25cm,

.S'” ,fm‘ _ 25-5

Soc = ot _ &
§"— foe 25-5

m =06.25cm

Thus, the ocular must be moved further from the objective by an amount 6.25c¢m — 5 cm = 1.25 cm in order
to produce a real image on the screen 25 cm away.

Using Eq. (3-35) and the given information,

1 1.1 L 1 1 2

wa N1 f2 fife 2em 2em dem
feq  f f f1f 2 2 4

25 To = i 30 -
() Moo=5—===125x (b) ﬂfmlz‘fuﬁ:.—:lax

.foq 2 ’ foc 2
(¢) The exit pupil is the image of the AS or objective lens, formed by the ocular. Since the ocular consists
of 2 lenses, one should argue as follows: To produce parallel rays leaving the ocular (image at o), the field
lens must be at the focal point of the objective, 30 cm from the objective. Then the image there is 2 cm
from the eye lens (1/2+ 1/s"=1/2, s’ — oc). Given this separation, the image of the objective in the field
lens is

= feq=2cm

that is 1/7 cm beyond the eye lens. The image formed by the eye lens is then at,

(=1/7)(2)

TT—2 em=0.133cm
—1/7-2

!
Sp=

Thus the exit pupil falls 0.133 cm from the eye lens.
4.5

Using M = Dyy,j/Dp,p we also have Dy, p= cm = 3mm.

15

(d) =Dy, /L=2/30=(1/15)rad = 3.8°.



