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CONCEPTS

= 23-1: The Ray Model of Light

= 23-4: Index of Refraction

= 23-5: Refraction: Snell’s Law

= 23-6: Total Internal Reflection; Fiber Optics
= 23-7: Thin Lenses; Ray Tracing

= 23-8: The Thin Lens Equation




23—1 THE RAY MODEL OF LIGHT

= the ray model of light. This model assumes that light
travels in straight-line paths called light rays in
transparent media.

This bundle
enters the eye

= When we see an object, according to the ray model,
light reaches our eyes from each point on the object.
Although light rays leave each point in many different
directions, normally only a small bundle of these rays
can enter the pupil of an observer’s eye

= the ray model has been very successful in describing

many aspects of light such as reflection, refraction, FIGURE 23-1 Light rays come from
and the formation of images by mirrors and lenses. each single point on an object. A small
Because these explanations involve straight-line rays bundle of rays leaving one point is
at various angles, this subject is referred to as shown entering a person’s eye.

geometric optics

@



23—4 INDEX OF REFRACTION

= the speed of light in vacuum = 3.00 x 10°m/s

In air, the speed is only slightly less. In other transparent materials, such as
glass and water, the speed is always less than that in vacuum. For example, in water
light travels at about 3 c. The ratio of the speed of light in vacuum to the speed v
in a given material is called the index of refraction, », of that material:

c

no= - (23-4)

The index of refraction is never less than 1, and values for various materials are
given in Table 23-1. For example, since n = 1.33 for water, the speed of light
in water is
c (3.00 X 10°m/s) 526 % 10°
vV o= — = = 2.26 X m/s.
n 1.33 /

TABLE 23-1 Indices of
Refraction’

Material n= <
v

Vacuum 1.0000
Air (at STP) 1.0003
Water 1.33
Ethyl alcohol 1.36
Glass

Fused quartz 1.46

Crown glass 1.52

Light flint 1.58
Plastic

Acrylic, Lucite, CR-39 1.50

Polycarbonate 1.59

“High-index” 1.6-1.7
Sodium chloride 1.53
Diamond 2.42

A = 580 nm.
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23—5 REFRACTION: SNELL'S LAW

= The change in light direction is called refraction

Normal Nor V_D Perpendlculgr to
Source | the two media 6, Angle of incidence

|
|
, Refracted |
. | .
E;ldem | E@ﬂmed ray | 6, Angle of refraction
| o | FIGURE 23-21 Refraction. |
_ 2 _ (a) Light refracted when passing from
Alr (ny) | Alr (n,) air (ny) into water (n,): ny > ny.
Water (115) Reflected Water (n,) (b) Light refracted when passing from
ray 6, 11"3§ident water (n) into air (n,): n; > n,.
Refracted :
ray | %Source
(a) n, > n,: Ray bends toward L (b) n; > n,: Ray bends away from L

= So we can conclude:
Light bends toward the normal when we moves from lower density to higher density area
Light bends away from the normal when we moves from higher density to lower density area

@



Foot appears to be here
(a) (b) e ,

FIGURE 23-22 (a) Photograph. and (b) ray diagram
showing why a person’s legs look shorter standing in
water: a ray from the bather’s foot to the observer’s
eye bends at the water’s surface, and our brain
interprets the light as traveling in a straight line,
from higher up (dashed line).




23—5 REFRACTION: SNELL'S LAW

= Snell’s law: n;sinf); = n,sin6, norMG(
|

= The incident and refracted rays lie in !
the same plane, which also includes - l ﬁ,
the perpendicular to the surface. =

Snell’s law is the law of refraction

EXERCISE C Light passes from a medium with » = 1.3 (water) into a medium with 16
n = 1.5 (glass). Is the light bent toward or away from the perpendicular to the interface? | 2
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from
object

/“Image” (Where object
appears to be) when
viewed from above
through the glass

FIGURE 23-24 Light passing
through a piece of glass
(Example 23-8).

EXAMPLE 23-8 | Refraction through flat glass. Light traveling in air strikes

a flat piece of uniformly thick glass at an incident angle of 60.0°, as shown in
Fig. 23-24. If the index of refraction of the glass is 1.50, (a) what is the angle of
refraction 6, in the glass; (b) what is the angle 65 at which the ray emerges from
the glass?

APPROACH We apply Snell’s law twice: at the first surface, where the light enters
the glass, and again at the second surface where it leaves the glass and enters the air.

SOLUTION (a) The incident ray is in air, so n; = 1.00 and n, = 1.50. Applying
Snell’s law where the light enters the glass (0, = 60.0°, 6, = 0,) gives

(1.00) sin 60.0° = (1.50) sin 6,

or

sinf, = @sinfj{lﬂ“ = 0.5774,

1.50
and 0, = 35.3°.

(b) Since the faces of the glass are parallel, the incident angle at the second surface
is also 0, (geometry), so sinf, = 0.5774. At this second interface, n; = 1.50
and n, = 1.00. Thus the ray re-enters the air at an angle 6y given by

sinflg = %sinﬂA = (.866,

and Oz = 60.0°. The direction of a light ray is thus unchanged by passing
through a flat piece of glass of uniform thickness.

NOTE This result is valid for any angle of incidence. The ray is displaced slightly
to one side, however. You can observe this by looking through a piece of glass
(near its edge) at some object and then moving your head to the side slightly so
that you see the object directly. It “jumps.”




28. (I) A flashlight beam strikes the surface of a pane of glass
(n = 1.56) at a 67° angle to the normal. What is the angle

of refraction?

)
()

. (IT) An aquarium filled with water has flat glass sides whose

index of refraction i1s 1.54. A beam of light from outside
the aquarium strikes the glass at a 43.5° angle to the
perpendicular (Fig. 23—-56). What is the angle of this light

ray when it enters (a) the glass, and
then (b) the water? (c) What would be
the refracted angle if the ray entered

the water directly? e
43.5°
FIGURE 23-56 y

Air

Problem 32.

34. (IT) In searching the bottom of a pool at night, a watchman
shines a narrow beam of light from his flashlight, 1.3 m
above the water level, onto the surface of the water at a

point 2.5 m from his foot
at the edge of the pool
(Fig. 23-57). Where does |
the spot of light hit the bot- 1.3 m
tom of the 2.1-m-deep l

Glass

Water

pool? Measure from the ‘

bottom of the wall beneath

his foot. 2.1m
FIGURE 23-57

~—25m—+

Problem 34. 1

28.  Find the angle of refraction from Snell’s law.

nsin @ =n,sin@, — 6 =sin™' [H—lsin 91] =sin'1(%sin 6?°] =

3

32, (a) We use Eq. 23-5 to calculate the refracted angle as the light enters the glass "l

(n=1.56) from the air (n=1.00).

msin 6 =n,sinéy, — g:

L1l my .1 100 .
&, =sin '[ésm ﬂ}:sm I{ESIn 43_5"}:26_55":—- 26.6° 5'|: A

L)

(b) We again use Eq. 23-5 using the refracted angle in the glass and the indices of refraction of the

glass and water.

- . .l 154

& =sin ! {ﬂ—zsm 92] =sin~! [msm 26_55"} =3117°=

s -
(¢) We repeat the same calculation as in part («) but using the index of refraction of water.

oy . 1| 1.00 .

6y =sin ! —1sm91 =sin 1|:—_sm 43.5"]:3]_[?":-

R3 133

As expected, the refracted angle in the water 1s the same whether the light beam first passes
through the glass or passes directly into the water.

e

W

34, We find the angle of incidence from the distances. _L
t Hair
an == 105 L 4256 th

B (13m)
!

Use Snell’s law to find the angle in the water. h

Myjg SIN 6] = fyyyor SIN 6
(1.00)sin 62526°=(1.33)sin & > & =41842°
Find the horizontal distance from the edge of the pool.

=25m+(2.1m)tan 41842°=438 m =




23—b6 TOTAL INTERNAL REFLECTION; FIBER OPTICS

When light passes from one material into a second material where the index of

refraction is less (say, from water into air), the refracted light ray bends away from 36. (I) The critical angle for a certain liquid—air surface is
the normal, as for rays I and J in Fig. 23-26. At a particular incident angle, the 47.2°. What is the index of refraction of the liquid?

angle of refraction will be 90°, and the refracted ray would skim the surtface (ray K).

36. UseEq. 23-6.

. My y; 1.00
sin HC = = - ”quuid =2 = =

| | ' _ Miquid sin &, " sin 47.2°
nay (< ny) L/ :K :L FIGURE 23-26 Smj::e M4 7< ny. light rays are totally
internally reflected if the incident angle 6, = 6.,
asforray L. If 8; < 6., asforraysI andJ, only a
part of the light is reflected, and the rest is refracted.

Source

The incident angle at which this occurs is called the critical angle, 6. From
Snell’s law, ¢ is given by

sin e = %sin 90° = 2. (23-6)
1

For any incident angle less than 6, there will be a refracted ray, although part of

the light will also be reflected at the boundary. However, for incident angles 6,

greater than 6., Snell’s law would tell us that sin#, (= n;sin#,/n,) would be

greater than 1.00 when n, < n,. Yet the sine of an angle can never be greater

than 1.00. In this case there is no refracted ray at all, and all of the light is <DCAU TION
reflecred, as for ray L in Fig. 23-26. This effect is called total internal reflection. Total internal reflection
Total internal reflection occurs only when light strikes a boundary where the (occurs only if refractive

medium beyond has a /lower index of refraction. index is smaller beyond boundary)

L




Fibie Oph'cs; Mediccl Instruments

Totcl mJ-e!M-f fe—F/ec(-w’bw iS /—Qe Pfs‘wcfp/e
FIGURE 23-29 Light reflected

umde:b,'aj Me use QF lao fol'f' OPH'CS . totally at the interior surface of a

glass or transparent plastic fiber.

Clos and plaskic fibyes as Hhim as A S

£ micromelers are used o manufu cture

optc f bres.

A bondle of such {:r‘anspﬂ&ﬂ* A bres is caHeCl Q
fibre-optic cable or d;@h—} pipe-




Fibe-ophc cables are use in -
— communicahdis : lead 1o ver) fast and larg transmiss2n

= MeAc'Cl'ne

of dgta. Fbres caw support more +Hhan
100 Separa/c MW’&«!@%, each cap
i e W 16 s mabrls ok dais

,Oel' second .

. Ophc-bbres are Bed 'n medicine +o
provide clear pictures of human oggans .
browchos.aope: Ophc -6 bre <able used +v
view (e IMJS-
Colotocope : ophc - bl cable ged 12
view Hle calon -




23-3] Thin Len;es,‘ ﬂaj _rrac.'nj
poits of sphencal

suffuces
FIGURE 23-33 Parallel rays are /\‘/ \,/, )
hr.oughl to a focus by a converging Converging — ,f' \ ; {
thin lens. .if"'a"'e'*" of lenses \\/) (
§ €% Fual poind Do P Comes
- ‘ () Converging lenses
N F__ Axis s . —

| |

\/ lenses A y ;

Double  Planoconcave Concave

l‘ f .‘{ IS L LIS LS LLL S LA SN A
ftral /cna M (b) Diverging lenses

: diveiging \)/ Y

When diamefer of lens(d) << radius of curvature
> lens s called o Hhin leus .

ﬁad.u; L: radin O[ CUf\)ath' :iferq.l:xr.ce §Focal length g
of rght had side
of spherical suitace

of e lens.
Radus2: radius of curyatur®

of left honc/ side S/)hen'Ca) surfuce 016
He lens. Q




f?@s f—ﬁm‘ ale para llel to Hhe pr.-ﬂc;f‘.'hf & XS rﬁ"éﬁm‘ Pﬂﬂ;uj
f—ﬂmc;@h He fowal pomt > converging lens.

FIGURE 23-35 Parallel rays at an

Pﬂfﬁi/le, /?js -Fa‘mﬂ o angle are focused ”"ILE; focal plane.

the lens a+ au 4nj’e aré \\
focused on a point F. Had

lies on the focal P/aﬂf’-

e Cortler ofF e leus .




Dme(ﬂmj lens : il Jrueges FIGURE 23-36 Diverging lens.
the paralle| (a4s falling
on it . ==
Refiac led @ys seem 1o .
érg;na}eﬁmm He focal zoca, "Im 3#"'
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Lens \oawef
Optometrists and Op!—/'n/mo/g.?s-l-s defrne V"ae lens

power as
P = ..L_ ;F S f'gle Pocal leug{é\

JC )
A lens whose foaal lenjf'g f£-20em 0.2 m has

len wef
& _SPO of P e - 5D

?airapi-et'
so the unik uysed for lens power is diopler D = m~

1
0-2
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Delrmining the pesition of e image o an object
Need 1o drawn Hhree zYs :

@@ fa”s ps«raHeH'o lRe lens . xis R |
s (e F’ acted f% /Dtﬁh f-ﬁe foct | fU’?ﬂ o -+— l\ S i

Pay@ psses Hhough He fecal point
(F'in bont of Hhe lens) s refcled

patllel to the leus axis .
ﬁaj@ it PaASSeS %Ib&ﬁh f-ﬂe oM el

of the thin leus as shown.
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T he le(’ oF v‘%e 1"",9 oF f%f of 7‘4( armw
is ot the posy hon of interechon of Hi ,.ng
WOS The Samé *echm.f’ue ca be c.,oplffd 7‘"6
all poM‘fT o,C l'%e T;?cl' > leadmj fo l-ac

‘mage Shawn in e ﬁjmﬂ

The 'M@C is & resulf d{: mleﬁfclgbn of- fée

actucl reys end can ke obseryed o a screen
> Keal lmage.




Dqugmj Lens

Tt c.lwfgsfgw refracted
a4 as shown .

The refrocted QYS appeat

s if they originate from
e focal point (F) infront
oF 1he lens .

To dedetmine J—ge pcﬁ;hyn 6#3 f‘éé’ :‘Magej we neecl -Iﬁfﬂe
MYys as shown -




RayD : Incident Para/lef‘fo He lens axis 1t & rdmackd

sveh that i ex—}raf?o/a'l-ron passes Mnmjh Hie
Focal point(F).

Paj@r I+ &ls on e lens svch that i+s ex’rra'aolah’on passes

+hrowgh Hie feccl point (F'). This @y is tef @ c fed
parallel 4o Hhe lens axis .

&U@: It passes Hmn:ﬂh the cender of Hhe lens and [Passes
Ahmowgh Hhe Hun Lons along e same ditechon -

The same can be dope o And +he ,aosn‘han of '/'ge ,Mje
corregorcling 1o all He other Pomtr en Hle oljec

All (efracH rqys seem M rﬂed 0/5:’!1&-)6 From
o goint on the It of e leus, which is Hle positon
of '/ﬂc’ image . This is a vitfual iMmage since it is NOT
bumed ot Hhe pout of intasechon of Hhe rmys.
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