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constant lhen:aﬂer({Ve can anticipate that the surrounding field
——

= \
% zy =/ ) ? qh q&%w Jﬁ/{ k lings will somehow carry the information that the electron has b
[ é » . accelerated /We have ample reason tg assume that this “informa-
tion” will propagate at the speed c. tf for example, b = 10755, 0
In contrast, Fig. 3.27 shows the field lines associated with an 3555t beyond 3 m from O would be aware of the fact that the ¥
electron accelerating uniformly to the right. The points 01, Oz, charge had even moved. Jll the lines in that region would be t,

I = tervals. The field lines are not nd this is a significant
// celerated until time £, reaching a speed v, which was maintained

S
//

uniform, straight, and centered on O, as if the charge were still
there. At time 1, the electron is at point @, moving with a con-
stant speed v. In the vicinity of O, the field lines must then re-
semble those in Fig. 3.26b. Gauss's Law requires that the lines
outside the sphere of radius cr, connect to those within the sphere
of radius c(r, — 1), since there are no charges belween them.
. e

It is now apparent that @nnng the {m(erva] when fhe particle

a accelerated! the field lines became w and Wpcared
he exact shape of the lines within the region of the kink is of
7&"’ little interest here. What is significant is that there now exists a
“Hransverse component of the electric field ET which propagates
outward as a pulse. At some point in space the transverse electric
field will be a function of time, and it will therefore be accompa-

0
Vit ei@
-

difference.AAs a further contrast, Fig. 3.28 depicts the field of an
electron at some arbitrary time .. Before 1 = 0 the particle was
\ / ®
f \
\ A\ \ /
B // \\

nied by a magnetic field.

The vached m»f‘bm"‘( Of #e elewic Treld
o|“’T5 off os while the tremsverse

wﬁ?owt tbm]?faff as |/F
— At large distanse Lontha charge,
electric mol aton -fmlds & Frixa) the 0,.L 5"jn"f'm~¢ -le wll ke
’C;\l L w«-fom‘t o‘ﬁ the Pause
wh\cL i known as th rodiation f.\elo‘

’ . 05, and O, are the positions of the electron after equal time in-
always at rest at the point O. The charge was then uniformly ac-
E5) T

LR T RRE, (b

The electric field of a charge at rest can be represented, as in

Fig. 3.26, by_a uniform, radm]_dmuhmmof straight field lmes/

For a charge moving at a constant velocity V, the field lines are
still radial and straight, but they are Eo longer uniformli)iislrib«
uted. The nonuniformity becomes evident at high speeds and is

usually negligible when v << c.

When v<<C, it5

Figure 3.28 A kink in the E-field ines.

Shown that
‘t s Mjhe‘r.t W\d-lﬁftmf‘eﬁls [y ﬁ X r
1

tion. For a negative charge the reverse occurs, as shown in
Fig. 3.29. Observe that the irradiance is a function of 6 and that

e : ‘e <l on
1(0) = I(180°) = O while I{9(0°) = I{270°) is amaximum. Energy 7 tl 2 PJ@U oV
is_mo; iated perpendicular to the acceleration
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Figure 3.29 The taroidal radiation pattern of a linearly accelerating
charge (split to show cross section)
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Figure 3.32 The E-field of an oscillating electric dipole.
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3.41* A surface is placed perpendicular to a beam of light of constant
irradiance (7). Suppose that the fraction of the irradiance absorbed by
the surface is @. Show that the pressure on the surface is given by
P=02-a)/c
. o 1
anP{m‘aJ absorted : T' - T
Cop lotehy dlected: T.= 2+

- ok wbsorted: Pos Plred 1} e = oyl/c

3.65* Crystal quartz has refractive indexes of 1.557 and 1.547 at
wavelengths of 400.0 nm and 500.0 nm, respectively. Using only the
first two terms in Cauchy’s equation, calculate C; and C, and deter-
mine the index of refraction of quartz at 610.0 nm.

/

T Cauchy -€7hﬁ'\}‘m A=t C\, (fist 2Tems)

Enrtt',' (\+¢m vf&-u‘u‘a
|T\PY-C| Cs l,(;n nen*

- hiblo)= 174!

sty
3.56 The low-frequency relative permittivity of water varies from

88.00 at 0°C to 55.33 at 100°C. Explain this b wor/b\u the same
range in temperature, the_index of m[[gg!,un A = 3589.3 nm) goes

from roughly 1.33 to 1.32. Why is the change in n so much smaller
than the corresponding change in K?
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{ @ To see how this comes about, return to Fig. 4.5. Recall that The classical model predicts that the electron-oscillators will
3 ﬂ j “ r~ ~ the scattered wavelets all combine in-phase in the forward be able to vibrate almost completely in-phase with the driving
: sty p ) ) force (|e the primary disturbance) only at relativelv low
direction to form what might best be called the secondary s the of the ic field
. , wave. For empirical reasons alone we can anticipate that the increases, the oscillators will fall,behind, la hase by
b oy 2 % T = 2 ggmg in phase by a
The transmnssi n of light through a homogeneous medium is Secondary wave will gouabine with what is left of the primary. proportionately larger amount. /dcl.u]ed analysis reveals that
an ongoing re tmve process of scattering and rescattering. wave 10 yield the Qnly/Observed disturbance within the at resonance the phase lag will reach 90%, increasing thereafter
Each such event introduce: hase shift into the light field, y mediu;n nﬂmeiyvmmﬂnlh !l!ep;rimm;y ar;d :;cﬁlif’::lcdlﬁg’c:;:\;l[f;mc v‘aluec f;blcm 44’ ex;\flzlrle-:bﬁ“":“- A
: = g secon: waves through the .
which ultimately shows up as a shift in the apparent phase }:,jf‘dﬁan@ (1 interate v:x:fwuh.rhe speedc. r’m l’hc ;ncniumc:mccgnainly phase lag for a damped driven oscillator, and Fig. 4.9 summa-
velocity of the transmitted beam from its nominal value of ¢. possess an {ndex of refraction pther than 1. é‘ l‘ifl’ﬂﬂCd pyave rizes the results.
That corresponds to an index of refraction for the medium may appear,io have a_phase velocity Iess than, egual to. o In addition to these Ings there is finother effect that must be
(n = ¢/v) that is other than one, even though photons exist w )I"he key to this apparent contradiction :uT“km:l When tl i \[»Irl Lz r;eﬂ the resul-
only at a speed c. —_— risi.:::s mW ;I‘::gphase relationship between the secondary and ant secondary wave'{itsel w Y
—_— s.
primary R Xes
SR
i i Result: () 0% Y
£ g i The combined effect of both these mechanisms is lhatél fre-
E ‘ % below e, Jhe dary wave lags the primary RUATE M TR A N, TR . TR USSR (REND.
z H v 4 (Fug 4.10) by some amount between approximately 90° and AR, TR A A B, G i R T A
3 / N 180°, nd fit fréquencies above resonance, ?he lag ranges from MERMNAREY, WEORBE TREEOER. ABEMIL, EXDP A LSRN
s — about' 1807t0 270°. But a phase lag of 8 = 180° is equivalentto /%% Ll "
4 1) = Eqcos (
a phase lead of 360° — &, le.g., cos (6~ 270?) = cos(# +90°)). T RBUBE, TR uuna S HREL P RO
® e 90 o0 This much can be seen on the right side of Fig. 4.9b.
2 - 3 i ‘
'
X : 2
= o 180°1 180°2
L i 2
g &
2 , }
==Z 270°4 90°
0 wy = Figure 4.10 A primary wave (s) and two possible secondsry waves.

In (5] the secondary iags the primary—it takes longer to reach any given
© value. In fc] the secondary wave reaches any given value before (ot an ear
lier time than) the primary: that s,  leads.

n<l
v>c

Index of refraction
5
C- e,

Figure 4.9 A schematic representation of (a) amplitude and (b) phase
lag versus driving frequency for a damped oscillator. The dashed curves

to damping. The index of refraction
is shown in (c).
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If the transition between two media is gradual—that is, if the
dielectric constant (or the index of refraction) changes from that
of one medium to that of the other over a distance of a wave-
length or more—there will be very little reflectionﬁhe interface
effectively vanishes. On the other hand, a transition from one

medium to the other over a distance of 1/4 wavelength or less

behaves very much like a totally discontinuous change.

Experience with the common mirror makes it obvious that
white light is reflected as white—it certainly isn’t blue. To see
why, first remember that the layer of scatterers responsiblg for
the reflection is effectively about A/2 thick (per Fig. 4.6)./Thus
the larger the wavelength, the deeper the region contributing
(typically upward of a thousand atom layers), and the more
scatterers there are acting together. f'his tends to balance out the
fact that each scatterer is less efficient as A increases (remember
1/A"). The combined result is that the surface of a transparent

medium reflects all wavelengths about equally and doesn’t

appear colored in any way. That, as we will see, is why this
page Tooks white under white-light illumination.
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Figure 7.6  Phasor addition.
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Figure 7.8 The summation of two sinusoidal functions of the same

’ Srmdﬂ’ﬂg Wal U@} frequency using phasor addition. Here E; is taken as the reference phasor,
— a_l _ and since E, leads E, (i.e., its peak occurs at an earlier location) the angle
6-,.9,4 S 0' . U‘t iD Wave I;(ih t V' 3" }f ) *) l,x,‘) C ‘f('ﬁ‘\l"t) T ‘lﬁ ‘)(‘H/‘t) @ is positive. Thus ¢ is positive and the resultant E also leads E;.
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The total disturbance may be Lregarded as a travelmg wave of
frequency w, known as the carrier, having a time-varying or

—_—
modulated amplitude Ey(x, ) such that

E(x, 1) = Egfx, t) cos (kx — wr) (7.34)

where

Eo(x, t) = 2Ey; cos (k,x — w,,1) (7.35)

Accordingly, k and @ are often referred to as the spatial and
temporial carrier frequencies. /n applications of interest here,
) and w, will always be rather large. In addition, if they are
comparable to each other, w; = w,, then @ > > w,, and
Eo(x, t) will change slowly, whereas E(x, 1) will vary quite rap-
idly (Fig. 7.16). The irradiance is proportional to

Ej(x, 1) = 4E§) cos” (kX — w0)

or E3(x, 1) = 2E5,[1 + cos(2k,x — 2w,,0)]
f\ﬂﬂﬂﬂﬂr\ ﬂﬂﬂﬂﬂﬂf\ ﬂﬂﬂﬂﬂﬂr\ S ORI
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Eylx)
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—
Egix)
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Figure 7.16  The superposition of two equal-amplitude harmonic waves of different frequency
producing a beat pattern.
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The specific relationship between @ and k fletermines v, the @ Z &- - ODS he m‘y] ﬁb %:g L7\3"'). l;"“. t) = E’\ﬁ, {‘)Loj ‘Ix-;‘l‘)
phase velocity of a wave. In a nondispersive medium |l'aﬂd ’
vacuum is the only truly nondispersive envnronment)) w/k B / t
[Eq. (2.33)], and a plot of w versus k is a straight line. The ]’T,)iﬁ F.:(Q"St- ﬂ‘&“) 5 . t ? J 1’(

frequency and wavelength change so as to keep v constant./All
waves of a particular type (e.g., all EM waves) travel with the
same phase speed in a nondispersive medium./By contrast, in
a dispersive medium (anything other than vacuum) every elec-

tromagnetic_wave propagates at a speed that ﬂapendq on_its
frequency. )

ﬁ\fjo

When a number of different-frequency harmonic waves su-
perimpose to form a composite disturbance, the resulting

(ix-nt) T2 - T

Ny Db =
i""i‘ ﬁﬂ@@évﬁzem, v W30
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BB IR F

of the comstitug; aves./This raises the important notion of
the group velocity and its relationship to the phase velocity.
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EXAMPLE 7.3

Consider Michelson’s 1885 experiment in which the two stan-
dard wavelengths used are A = 486.1 nm and Ap = 589.2nm.
The corresponding indices of refraction are np = 1.652 and
np = 1.628. Using the results of Problem 7.36, determine the

group velocity in the medium (CS;) and compare it to the aver-
age value of the phase velocity.
Yy

A sequence of ripple tank photos of a wave packet traveling in the upward
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direction starting at the left. The arrows mark the crest, which travels faster h
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Case 2. Cosine Wavetrain

N Do
. 2 k) f " Je o5 kdx Typical Coherence Length of Various Light Sources
Ey
—f\/\vav\‘ “"r\ﬂ [\ [\ Fk—. ‘ :E':L:j Co¢ L’p* Ls b(dx Source Mean Linewidth Coherence
r / u‘“' Ul J+ 4 A wavelength Length
) =g, e (kptx +LD$U¢rJ¢)’)‘r] X Thermal IR~ 10 um ~4um =25 um
£ = [Eocoskpx when |x| <L = f"— [ (8~ 12 um)
W’;g: x| > L Loshy - e 008 (fpHXt illgrk ) o White light 550 nm 2300nm  ~8000 nm
) euan. - ™ _ .
[\: o O ko + Rl 40x) l Stabilized ~ 6328nm 106 nm 400 m
. He-Ne laser
- e L+ B ol
i - pTk Special 1153 nm 9x10" nm  1.5%107 m
k=T kel R E L sl\Uﬁﬂk)L LS"LLHJ(L)L He-Ne laser
sin[(k, + k)L] ' sin[(k, k)L] : I, Wl g L }
A(k) = EoL 1
| (k - k)L 1
1

7.17* Show that a standing wave created by two unequal-amplitude 10 EitEs P [t Tut) T S Gt ¢ (- BT W)

waves

E, = Egsin(kx F o) PEa [ shkosul T shitodct skiopd £ swotwssir) £ UP) G Lot
22pGo oM + WP G sex juat
and Eg = pEgsin (kx * wr) Pl k‘xw‘wt P ;UC e
Stpud G lave :
has the form 4 A wor m"‘{"""s ok et
O A + _ > Gin (ke T ?ff:l
E pEg sinkx coswt + (1 — p)Ey sin(kx + wi). L;"'C‘u —— st A pure Stmdn“iﬂ Ve .
Here p is the ratio of the amplitude reflected to the amplitude incident. N ) c c
Discuss the meaning of the two terms. What happens when p = 1? FEE TN e s Y )

—¥
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7.56" A blue-light LED with a mean vacuum wavelength of 446 nm 2 .
8l:cats Py SR m

has a linewidth of 2 nm. Determine its t.('thl'Ln(.L‘ time and u)hu‘c.nu‘
length. _ L )= D}z l‘-

=39 e A o i DU . ‘
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7.58 The first* experiment directly measuring the bandwidth of a la-

ser (in this case a continuous-wave PbgggSng 12 Te diode laser) was ?l”' . AV Y ‘ﬁ\ﬁgH 4
carried out in 1969. The laser, operating at Ay = 10 600 nm, was het- e _ & a9 A -
erodyned with a CO; laser, and bandwidths as narrow as 54 kHz were ‘}‘[’ ‘pwolmaa Smb' Lﬁﬂ = ' ﬁ"t/'l —-v—: oV f = lhxn e ﬂ'
observed. Compute the corresponding frequency stability and coher- z x1500
g ) ) _ _ 2 _ _ A
ence length for the lead-tin-telluride laser. a L —tot=0 &:: Cop ~ ’ﬁ?f; >t
7\ ol . zn(?(&i'\"."“ fﬂs bk "f Lok s axzlho A (o7 m
7.61* Suppose that we have a filter with a pass band of 1.0 A centered kasR - oks ,ﬁx | u 6)~

at 600 nm, and we illuminate it with sunlight. Compute the coherence i
= l‘f- v°

length of the emerging wave. -y %1- = o)\
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Conditions for interference

Stable fringes: the same frequency
Clearest fringes: equal or nearly equal amplitude

« Polarization LR

« Temporal coherence (@) is a manifestation of spectral purity.

« Spatial coherence (k) is a manifestation of wavefront
distortion.
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Original Young’s experiment

¥

Due to symmetry, the primary wavefront arriving at the two
slits will be exactly in-phase, and the slits will constitute
two coherent secondary sources. Whatever the two waves
coming from S1 and S2 overlap, interference will occur
(because OPD < coherence length).
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Jones Matrices & Mueller Matrices
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Assignment

8.28* Given that 300 W/m’ of randomly polarized light is incident
normally on a stack of ideal linear polarizers that are positioned one
behind the other with the transmission axis of the first vertical, the
second at 30°, the third at 60°, and the fourth at 90°. How much light
emerges?

8.53* A beam of light is incident normally on a quartz plate whose
optic axis is perpendicular to the beam. If Ay = 550.0 nm, compute the
wavelengths of both the ordinary and extraordinary waves. What are
their frequencies?

8.56" Suppose you were given a linear polarizer and a quarter-wave
plate. How could you determine which was which, assuming you also
had a source of natural light?

8.63" Linear light oscillating along the x-axis is passed through a
quarter-wave plate whose fast axis is 45° above the x-axis. Use the pha-
sor method to graphically show that the emerging light is right-circular.
[Hint: First draw the x’-axis at 45° above the x-axis; position-O for the
E, phasor is downward off in the negative y’-direction.]

8.93 An optical filter can be described by a Jones matrix
2 -
cos”a cosa sina
cos a sina sin’ a
(a) Obtain the form of the emerging beam when the incident light is
plane polarized at angle @ to the horizontal (see Problem 8.75).
(b) Deduce from the result of part (a) the nature of the filter.

(c) Confirm your deduction above with at least one other test.

8.94* Two linear optical filters have Jones matrices

(’_”‘_/4|'l i:|
i 1

e 1 im/4 1 —i
e v 1f

1
7=

sy =
V2

and

Identify these filters.
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Summary

+ Condition of interference: polarization & coherence
« Wavefront-splitting interferometry: Young’s double
slits, Lloyd’s mirror
« Amplitude-splitting interferometry
Double-beam interference:
+ Equal-inclination & equal-thickness
+ Michelson, Mach-Zehnder, Sagnac interferometers
Multiple-beam interference:
+ F-P cavity (r, t, Airy function, finesse, FSR)
+ Characteristic matrix of optical films

9.11° Red plane waves from a He-Ne laser (o = 632.8 nm) in air
impinge on two parallel slits in an

forms on a distant wall, and we
the central axis. Calculate the sef

pattern and explain why it has a central minimum.

9.19* Plane

Figure P95 0uta o

£NCO) a screen cc

s an equation for the angle measured from the central axis that locates
2 the mth maximum.
180
2160 3
5 140 9.37* A thin uniform layer of water (n = 1.333) 253 nm thick exists
%120 ontopofa plastic (n = 1.59). At what incident angle will
il 5 the water strongly reflect blue light (Ag = 460 nm)? [Hinr: Modify
5 Eq. (9.34).]
= (080
20,60
z y 9.46" Examining photos of Newton's rings we observe that fringes at
5 040
i large values of m seem to be nearly equally spaced. To see that ana-
2 0.20 i
g o0 Iytically. show that
@ 0,00

10 0 0 10 0 60 0 80 o Cmst =X _ 1

g 5
P of Microph m. zero-point arbitrary) (ms2 = Xms1) 2m

When m is large, the spacings between consecutive fringes are

approximately equal

9.52* A form of the Jamin Interferometer is illustrated in Fig. P9.52.
How does it work? To what use might it be put?

Figure P:9.52

9.61* A glass
e film (1 = 1.30) to decrease the reflection of normally incident

camera lens with an index of 1.58 is to be coated with a

light (Ag = 500 nm). \\Inll the thickness of the film, which
should be deposited on the lens
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2
[l finesse = 71[ = i_ RT=2F T2y 1= (Dmax
2r (Mo)psr _ (Af) por

[ finesse =

(Aa)min a (A’lo)min Bl (Af)min

] The value of finesse represents the travel rounds of
~ light inside an optical resonant cavity.
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