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Figure 4.9 A schematic representation of {a) amplitude and (b} phase
lag versus driving frequency for 2 damped oscillator. The dashed curves
correspond to decreased damping. The corresponding index of refrac-
fion is shown in (c).

mary (Fig. 4.10) by some amount between approximately 90°
and 180°, and at frequencies above resonance, the lag ranges
from about 1807 to 270°, But a phase lag of 6 = 180° is equiv-
alent to a phase lead of 360° — 8, [e.g., cos (8 — 270°) =
cos (8 + 90°)]. This much can be seen on the right side of Fig.
4.95,

Within the fransparent medium, the primary and secondary
waves overlap and, depending on their amplitudes and relative
phase, generate the net transmitted disturbance. Except for the
fact that it is weakened by scatiering, the primary wave travels
into the material fust as if it were traversing free space. By
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Figure 4.10 A primary wave (a) and two possible secondary waves.
in (h) the secondary lags the primary—it takes longer to reach any given
value, In (¢) the secondary wave reaches any given value before lat an
earlier time than! the primary; that is, i leads.

comparison to this free-space wave, which initiated the
process, the resultant transmitted wave is phase shifted, and
this phase difference is crucial.

When the secondary wave lags (or leads) the primary, the
resultant transmitted wave must also lag (or lead) it by some
amount (Fig. 4.11). This qualitative relationship will serve our
purposes for the moment, although it should be noted that the
phase of the resultant also depends on the amplitudes of the
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Figure 4.11 If the secondary leads the primary, the resultant wil
also fead it,

interacting waves {see Eq. {7.10)]. At frequencies below wq
the transmitted wave lags the free-space wave, whereas at fre-
guencies ahove wy it leads the free-space wave, For the special
case in which @ = w, the secondary and primary waves are
out-of-phase by 180°. The former works against the latter, so
that the refracted wave is appreciably reduced in amplitude
although unaffected in phase.

As the transmitted wave advances through the medium,
scattering occurs over and over again. Light traversing the
substance is progressively retarded (or advanced) in phase.
Evidently, since the speed of the wave is the rate of advance of
the condition of constant phase, a change in the phase should
correspond to a change in the speed.

We now wish to show that a phase shift is indeed tanta-
mouit fo a difference in phase velocity. In free space, the dis-

turbance at some point P may be written as

Ep(f) = E() CO8 wi (41)

If P is surrounded by a dielectric, there will be a cumulative
phase shift £p, which was built up as the wave moved through
the medium to P. At ordinary levels of irradiance the medium
wiil behave limearly, and the frequency in the dielectric will be
the same as that in vacuum, even though the wavelength and
speed may differ. Once again, but this time in the medium, the
disturbance at P is

EP('T) = EO Ccos (lf.l)f - Ep) (42}

where the subtraction of ep corresponds to a phase lag. An
observer at P will have to wait a longer time for a given crest
to arrive when she is in the medium than she would have had
to waif in vacuum. That is, if you imagine two parallel waves
of the same frequency, one in vacuum and one in the material,
the vacuum wave will pass P a time £p/w before the other

© wave. Clearly then, a phase lag of ep corresponds to a reduc-

tion in speed, v < ¢ and n > 1. Similarly, a phase lead yields
an increase in speed, v > ¢ and n << 1. Again, the scatiering :
process is a continuous one, and the cumulative phase shift
builds as the light penetrates the medium. That is to say, gisa .
function of the length of dielectric traversed, as it must be if v
is to be constant (see Problem 4.5). In the vast majority of sit-
nations encountered in Optics v << ¢ and 1 > 1; see Table 4.1. :
The important exception is the case of X-ray propagation :'
where w > wq, v > ¢, and n < L. :
The overall form of n(w), as depicted in Fig. 4.9¢, can now
be understood as well. At frequencies far below wg the ampli- -
tudes of the oscillators and therefore of the secondary waves -
are very small, and the phase angles are approximately 90°.
Consequently, the refracted wave lags only slightly, and » is
only slightly greater than 1. As w increases, the secondary |
waves have greater amplitudes and lag by greafer amounts. :
The result is 2 gradually decreasing wave speed and an increas-
ing value of rn > 1. Although the amplitudes of the secondary
waves continue o increase, their relative phases approach 180°
as w approaches wp. Conseguently, their ability to cause a fur-
ther increase in the resultant phase lag diminishes. A turning
point (@ = w") is reached where the refracted wave begins t©
experience a decreasing phase lag and an increasing speed
(dn/dw < 0). That continues until @ = wy, whereupon the
transmitted wave is appreciably reduced in amplitude but unal-
tered in phase and speed. At that point, n = 1, v = ¢, and W€
are more or less at the center of the absorption band.




- TABLE 4.1 Approximate Indices of Refraction
- of Variots Substances®

L Alr 160629
Ice 1.31
. Water 1.333
Eihyl alcehel (C2HsOH) 1.38
Fused guartz (Si04) 14584
Carbon tetrachloride (CCL,) 1.46
Turpentine 1472
Benzene (CgHg) 1.501
Plexiglass 1.51
.~ Crown glass 1.52
Sodium chioride (NaCl) 1.544
Light flint glass L.58
Polystyrene 1.59
Carbon disulfide (CS,) 1.628
Dense flint glass L.a6
Lanthanum flint glass 1.80
Zircon (ZrQ,-Si05;) 1.923
Fabulite {SrTiG3) 2409
Diamond (C) 2457
Rutile (Ti05) 2.907
Gallium phosphide 3,50

*Values vary with physical conditions—purity, pressure, etc.
These correspond to a wavelength of 589 nm

At frequencies just beyond wy the relatively large-amplitude
secondary waves lead; the transmitted wave is advanced in
phase, and its speed exceeds ¢ (n <C 1). As w increases, the
whole scenario is played out again in reverse (with some asym-
metry due to frequency-dependent asymmetry in oscillator
amplitudes and scattering). At even higher frequencies the sec-
ondary waves, which now have very smali amplitudes, lead by
nearly 90°. The resulting transmitted wave is advanced very
slightly in phase, and » gradually approaches 1.

The precise shape of a particular »{w) curve depends on
the specific oscillator damping, as well as on the amount of
absorption, which in turn depends on the number of oscilla-
tors participating,

A rigorous solution to the propagation problem is known as
the Ewald-Oseen Extinction Theorem. Although the mathe-
matical formalism, invelving integro-differential equations, is
far too complicated to treat here, the results are certainly of

Interest. It is found that the electron-oscillators generate an

4.3 Reflection 95

electromagnetic wave having essentially two terms. Qne of
these precisely cancels the primary wave within the medium.
The other, and only remaining disturbance, moves through the
dielectric at a speed v = ¢/n as the ransmitted wave.* Hence-
Jorth we shall simply assume that a lightwave propagating
through any substantive medium travels af a speed v + c.

Apparently, any quantui-mechanical model we construct
will somehow have to associate a wavelength with the photon.,
That’s easily done mathematicaily via the expression p = k/A,
even if it’s nat clear at this peint what is doing the waving.
Still the wave nature of light seems inescapable; it will have to
be infused into the theory one way or another, And once we
have the idea of a photon-wavelength, it’s natural to bring in
the concept of relative phase. Thus the index of refraction
arises when the absorption and emission process advances
or retards the phases of the scaftered photons, even as they
travel at speed c.

4.3 Reflection

When a beam of light impinges on the surface of a transparent
material, such as a sheet of glass, the wave “sees” a vast array of
closely spaced atoms that will somehow scatter it. Remember
that the wave may be =300 nm long, whereas the atoms and
their separations (~=0.2 nm) are thousands of times smaliler. In
the case of transmission through a dense medium, the scattered
wavelets cancel each other in all but the forward direction, and
Jjust the ongeing beam is sustained. But that can only happen if
there are no discontinuities. This is not the case at an interface
between two different transparent media {(such as air and glass),
which is a jolting discontinuity, When a beam of light strikes
such an interface, some light is always scattered backward, and
we call this phenomenon reffection.

If the transition between two media is gradual---that is, if the
diefectric 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 refiection; the interface
effectively vanishes. On the other hand, a transition from one
medium to the other over a distance of 1/4 wavelength or Jess
behaves very much like a totally discontinuous change.

*For a discussion of the Ewald-Oseen theorem, see Principles of Optics
by Born and Wolf, Section 2.4.2; this is heavy reading. Also look at
Reali, “Reflaction from diglectric materials.” Am. J. Phys. 50, 1133
(1982).



internal and External Reflection

Imagine that light is traveling across a large homogenecus
block of glass {Fig. 4.12). Now, suppose that the block is
sheared in half perpendicular to the beam. The two segments
are then separated, exposing the smooth flat surfaces depicted
in Fig. 4.12b. Just before the cut was made, there was no light-
wave fraveling to the left inside the glass—we know the beam
orﬁy advances. Now there must be a wave {(beam-I} moving to
the Ieft, reflected from the surface of the right-hand block. The
implication is that a region of scatterers on and beneath the
exposed surface of the right-hand block is now “unpaired,”
and the backward radiation they emit can no longer be can-
celed. The region of oscillators that was adjacent to these, pri-
or to the cat, is now on the section of the glass that is to the
left. When the two sections were together, these scalterers pre-
sumably also emitted wavelets in the backward direction that
were 180° out-of-phase with, and canceled, beam-1. Now they
produce reflected beam-1I1. Each molecule scatters Tlight in the
backward direction, and, in principle, each and every mole-
cule contributes to the reflected wave. Nonetheless, in prac-
tice, it is a thin layer (=A/2 deep) of unpaired atomic
oscillators near the surface that is effectively responsible for
the reflection. For an air—glass inlerface, about 4% of the ener-
gy of an incident beam falling perpendicularly in air on glass
will be reflected straight back out by this layer of unpaired
scatterers {p. 90). And that’s true whether the glass is 1.0 mm
thick or 1.00 m thick.

Beam-I reflects off the right-hand block, and because light
was initially traveling from a less to a more optically dense
medium, this is called external reflection. In other words, the
index of the incident medium {»,) is less than the index of the
transmitting mediom (#,}. Since the same thing happens to the
unpaired layer on the section that was moved to the left, i, too,
refiects backwards. With the beam incident perpendicularly in
glass on air, 4% must again be reflected, this time as heam-II.

Beam-II Beam-I

Figure 4.12 (a) A lightbeam propagating through a dense homoge-
neous medium such as glass. (b) When the block of glass is cut and part-
ed, the light is reflected backward at the two new interfaces. Beamdl is
externally reflected, and beamt is internally reflected. Ideally, when the
wo pleces are pressed back together, the two reflected beams cancel
one another.

This process is referred to as internal reflection because »; >
n,. If the two glass regions are made to approach one another
increasingly closely (so that we can imagine the gap tobe a
thin film of, say, air—p. 402), the reflected light will diminish
until it uitimately vanishes as the two faces merge and disap-
pear and the block becomes continuous again. Remember this
180° relative phase shift between internally and externally
reflected light (see Section 4.10 for a more rigorous treat-
ment)—we will come back to it later on.

Experience with the cornmon mirror makes it obvious that
white light is reflected as white——it certainly isn’t blue. To see
whty, first remember that the layer of scatterers responsible for
the reflection is effectively about A /2 thick (as per Fig. 4.6).
Thus the larger the wavelength, the deeper the region con-
tributing (typically upward of a thousand atom layers), and
the more scatterers there are acting together. This tends to bal-
ance out the fact that each scatterer is less efficient as A

(a) Incident Vacuum

beam

Reflected
beam

b) Incident

A

Reflected

Refracted

Figure 4.13 A beam of plane waves incident on a distribution of mole-
cuies constituting a piece of clear gfass or plastic, Part of the incident
light is reflected and part refracted.




ipcreases {remember I /A%. The combined result is that the
surface of a transparent mediwm reflects all wavelengihs
ahout equally and doesn’t appear colored in any way. That,
a5 we will see, is why this page looks white under white-light

jllumination.

| 4.3.1 The Law of Reflection

Figure 4.13 shows a beam composed of plane wavefronts
jmpinging at some angle on the smooth, flat surface of an opti-
cally dense medium {let it be glass). Assume that the sur-
rounding environment is vacuum. Foilow one wavefront as it
sweeps in and across the molecules on the surface. For the
sake of simplicity, in Figs. 4.14 and 4.15 we have omitted
everything but one molecular layer at the interface. As the
wavefront descends, it energizes and re-energizes one scatter-
er after another, each of which radiates a stream of photons
that can be regarded as a hemispherical wavelet in the incident
medium. Because the wavelength is so much greater than the
separation between the molecules, the wavelets emitted back
into the incident medium advance together and add construc-
tively in only one direction, and there is one well-defined
reflected beam. That would not be true if the incident radiation
was short-wavelength X-rays, in which circumstance there
would be several reflected beams. And it would not be true if
the scatterers were far apart compared to A, as they are fora
diffraction grating (p. 476), in which case there would also be
several reflected beams. The direction of the reflected beam is

figure 4,14 A plane wave sweeps in stimulating atoms across the
interface. These radiate and reradiate, thereby giving rise to both the
refiected and transmitted waves.
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Figure 4.15 The reflection of 2 wave as the resuit of scattering.

determined by the constant phase difference between the
atomic scatterers. That, in turn, is determined by the angle
made by the incident wave and the surface, the so-called
angle-of-incidence.

In Fig. 4.16, the line AB lies along an incoming wavefront,
while CD lies on an outgoing wavefront—in effect, A trans-
forms on reflection inte €D, With Fig. 4.15 in mind, we see



&

Medium

Figure 4.16 Plana waves enter from the left and are reflected off to
the right. The reflected wavefront CD is formed of waves scattered by
the atoms on the surface from Ate D. Just as the first wavelet arrives at
C{rom A, the atom at D emits, and the wavefront along CD is completad,

A modern phased-array radar system. The field of individual small
antennas behaves very much Jike the atoms on a smocth surface.
By introducing a proper phase shift between adjacent rows the
antenna can “look” in any direction. A reflecting surface has a
similar phase shift determined by @ as the incident wave sweeps
over the array of atoms. (Courtesy Raytheon Corp.)

that the wavelef emitted from A will arrive at C in-phase wit
the wavelet just being emitted from D (as it is stimulated:
by B), as long as the distances AC and BD are equal. In other:
words, if all the wavelets emitted from all the surface scatier-:
ers are to overlap in-phase and form a single reflected plane.
wave, if must be that AC = BD. Then, since the two triangles _:
have a common hypotenuse

sin ;  sin B,
BD AC

All the waves travel in the incident medium with the same.
speed v;. It follows that in the time (Af) it takes for point B on.
the wavefront to reach point D on the surface, the wavelet
emitted from A reaches point C. In other words, BD = v;At
AC, and so from the above equation, sin 8; = sin 6,, which
means that :

(4.3) -

The angle-of-incidence equals the angle-of-reflection. This
equation is the first part of the Law of Reflection. It initially
appeared in the book Catoptrics, which was purported to have
been written by Buclid. We say that a beam is normally inci-
dent when 8; == Q°, in which case 8, = (° and for a mirror the
beam reflects back on itself. Similarly, glancing incidence cor-
responds to 8 =~ 90° and perforce 0, = 90°. '

Rays

Drawing wavefronts can get things a bit cluttered, so we intro--
duce another convenient scheme for visualizing the progres-:
sion of light. The imagery of antiquity was in terms of
straight-line streams of light, a notion that got into Latin as:
“radii” and reached Bnglish as “rays.” A ray is a line drawnin .
space corresponding to the direction of flow of radiant ener-.
£y. It is a mathematical construct and not a physical entity. In.
a medium that is uniform (homogeneous), rays are straight. If ;
the medium behaves in the same manner in every directiod
(isotropic), the rays are perpendicular fo the wavefronis
Thus for a point source emitting spherical waves, the rays
which are perpendicular to them, point radially outward from ;
the source. Similarly, the rays associated with plane waves are:
all parallel. Rather than sketching bundles of rays, we can $im
ply draw one incident ray and one reflected ray (Fig. 4.174)-;
All the angles are now measured from the perpendicular (o7




Figure 4.17 (2 Select one ray fo represent the beam of plane waves.
Both the angle-ofincidence & and the angle-ofreflection , are measured
from a perpendicular drawn to the reflecting surface. (b The incident
ray and the reflected ray define the plane-otincidence, perpendicular to
the reflecting surface.

normal) to the surface, and 6; and 6, have the same numerical
values as before (Fig. 4.16).

The ancient Greeks knew the Law of Reflection. It can be
“deduced by observing the behavior of a flat mirror, and nowa-
‘days that observation can be done most simply with a flash-
light or, even better, a low-power laser. The second part of the
Law of Reflection maintains that the incident ray, the per-
pendicular to the surface, and the reflected ray all liein a
plane called the plane-of-incidence (Fig. 4.175)—this is a
three-dimensional business. Try to hit some target in a room
with a flashlight beam by reflecting it off a stationary mirror,
and the importance of this second part of the law becomes
obvious!

= Pigure 4.18a shows a heam of light incident upon a reflect-
i_r_lg surface that is smooth {one for which any irregularities are
small compared to a wavelength). In that case, the light re-
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Specular Diffuse

Figure 4.18 (a) Specular reflection. (b) Diffuse reflection.
(Photos courtesy Donald Dunitz.)

emitted by millions upon millions of atoms will combine to
form a single well-defined beam in a process called specular
reflection (from the word for & common mirror alloy in
ancient times, specuium). Provided the ridges and valleys are
small compared to A, the scattered wavelets will still arrive
more or less in-phase when 6; = 6,. This is the situation
assumed in Figs. 4.13, 4.15, 4,16, and 4.17. On the other hand,
when the surface is rough in comparison to A, although the
angle-of-incidence wilt equal the angle-of-reflection for each
ray, the whole lot of rays will emerge every which way, con-
stituting what is called diffuse reflection (see photo). Both of
these conditions are extremes; the reflecting behavior of most

The cruiser Aurora, which played a key role in the Cormmunist Revolu-
tion (19173, docked in St. Petershurg. Where the water is still, the
reflection is specular. The image blurs where the water is rough and the
raflection diffuse.



The F-117A Stealth fighter has an extremely small radar profile, that

is, it returns very litfle of the incoming microwaves back o the station
that sent them. That's accomplished mostly by constructing the aircraft
with flat tilted-planes that use the Law of Reflection to scatter the radar
waves away from their source. Cne wants to avoid 8= 6, = (.

surfaces lies somewhere between them. Thus, although the
paper of this page was deliberately manufactured to be a fair-
ly diffuse scatterer, the cover of the book reflects in a manner
that is somewhere between diffuse and specular.

4.4 Refraction

Figure 4.13 shows a beam of light impinging on an interface at
some angle (8; # 0). The interface corresponds to a major
inhomogeniety, and the atoms that compose it scatter light
both backward, as the reflected beam, and forward, as the
transmitted beam. The fact that the incident rays are bent or
“turned out of their way,” as Newton put it, is called refrac-
tion.

Examine the transmitted or refracted beam. Speaking clas-
sically, each energized molecule on the interface radiates
wavelets into the glass that expand out at speed ¢. These can
be imagined as combining into a secondary wave that then
recombines with the unscattered remainder of the primary
wave, to form the net transmitted wave. The process continues
over and over again as the wave advances in the transmitting
medium,

However we visualize it, immediately on ¢ntering the
transmitting medium, there is a single net field, a single net
wave, As we have seen, this transmitted wave usually propa-
gates with an effective speed v, < c. It's essentially as if the
atoms at the interface scattered “‘slow wavelets” mto the glass
that combine to form the “slow transmitted wave.” We’ll
come back to this imagery when we talk about Huygens’s
Principle. In any event, because the cooperative phenomenon

By placing a pair of pins in front of a flat mirrar and aligning their
images with another pair of pins, you can easily verify that 6, = 6,
(Photo by E.H.)

known as the transmitted electromagnetic wave is slower than
the incident electromagnetic wave, the transmitted waveironts
are refracted, displaced (turned with respect to the incident
wavefrofits), and the beam bends.

4.4.1 The Law of Refraction

Figure 4.19 picks up where we left off with Figs. 4.13 and
4.16. The diagram depicts several wavefronts, all shown at a
single instant in time. Remember that each wavefront is a sur-
face of constant phase, and, to the degree that the phase of the

Incident medium

Figure 4.19 The refraction of waves. The atoms in the region of
the surface of the transmitting medium reradiate wavelets that combine
constructively to form a refracted beam.




: net field is retarded by the transmitting medium, each wave-
front is held back, as it were. The wavefronts “bend” as they
“cross the boundary because of the speed change. Alternative-
1y, we can envision Fig. 4.19 as a multiple-exposure picture of
a single wavefront showing it after successive equal intervals
" of ime. Notice that in the time Af, which it takes for point B
"on a wavefront (traveling at speed ;) to reach point D, the
- ransmitted portion of that same wavefront {traveling at speed
v,) has reached point £. {f the glass (n, = 1.5) is immersed in
an incident medium that is vacuum (r; =1) or air (n, =
1.000 3) or anything else where 1, > n,, v, < v; and AE < BD,
the wavefront bends. The refracted wavefront extends from £
to D, making an angle with the interface of 6,. As before, the
two triangles ABD and AED in Fig. 4.19 share a common
hypotenvse {(AD), and so

sin 6; sin &

BD AE

where BD = v; Arand AE = v, Ar. Hence
sin §;  sin 6,

[ B oy

Multiply both sides by c, and since n; = ¢/v; and n, = ¢/o,

#;sin 6 = n, sin 8, 4.4

This equation is the first portion of the Law of Refraction,
also known as Snell’s Law after the man who proposed it
(1621), Willebrord Snel van Royen (1591-1626). Snel’s
analysis has been lost, but contemporary accounts foilow the
treatment shown in Fig. 4.20. What was found through obser-
vation was that the bending of the rays could be quantified via

Figure 4.20
Descartes's arrange-
ment for deriving the
Law of Refraction.
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Figure 4.21 The incident,
reflected, and transmitted
beams each lie in the plane-of-
incidence.

the ratio of x, to x, which was constant for all #. That constant
was naturally enough called the index of refraction. In other
words,

x.-'

—=n

Xy !

and in air that’s equivalent to Eq. (£.4). We now know that the
Englishman Thomas Harriot had come to the same conclusion
before 1601, but he kept it to himself.

At first, the indices of refraction were simply experimen-
tally deterimined constants of the physical media. Later, New-
ton was actually able to derive Snell’s Law using his own
corpuscular theory. By then, the significance of 2 as a measure
of the speed of light was evident, Stil later, Snell’s Law was
shown to be a natural consequence of Maxwell’s Electromag-
netic Theory (p. 112).

It is again convenient to transform the diagram into a ray
representation (Fig. 4.21) wherein all the angles are measured
from the perpendicular. Along with Eq. (4.4), there goes the
understanding that the incident, reflected, and refracted rays
all lie in the plane-of- incidence. . In other words, the respec-
tive unit propagation vectors kl, kr, and k are coplanar (Fig,
4.22).

When n; << n, (that is, when the light is initially traveling
within the lower-index medium), it follows from Snell’s Law
that sin 6; > sin 6, and since the same function is everywhere
positive between 0° and 90°, then & > 8,. Rather than going




straight through, the ray entering a higher-index medium
bends toward the normal (Fig. 4.23a). The reverse is also true
(Fig. 4.23b); that is, on entering a medium having a lower -
index, the ray, rather than going straight through, will bend :
away from the normal (see photo). Notice that this implies :-
that the rays will traverse the same path going either way, into .
or out of either medium. The arrows can be reversed and the
resulting picture is still true. :

Snell’s Law can be rewritten in the form

siné;

sin®; i “:3)

where n,; = n,/n; is the relative index of refraction of the two :
media.
Let i, be a unit vector normal to the interface pointing in
the direction {rom the incident to the transmitting medium
(Fig. 4.24). As you will have the opportunity to prove in Prob- -
lem 4.29, the complete statement of the Law of Refraction can,
be written vectorially as :

Figure 4.22 Refraction at various angles of incidenca. Notice that : , . - .
the bottormn surface is cut circular so that the transmitted beam within ik X 04,) = ndk, X U,) (4.6) -
the glass always lies along a radius and is normal to the lower surface .
in every case. (Photos courtesy PSSC College Physics, D. C. Heath & Co., 1968.)

(a) Figure .23 The bending of rays
at an intetface, (2) When a beam
of light enters a more opfically
dense medium, one with a greater ¢
index of refraction (m; < np, it .
bends toward the perpendicutar.

_ () When a beam goas from a
more dense to a less dense medk- -
um € > ny, it bends away from
the perpendicular.

The image of a pen seen through a thick block of clear plastic. The dis-
placement of the image arises from the refraction of light toward the
normal at the air-plastic interface. if this arrangement is set up with a
narrow object (e.g., an flluminated slit} and the angles are carefully mea-
sured, you can confirrn Snell’s Law directly. (Photo by E.H)




Figure 4.24
The ray geometry.

or alternatively,

nk, — nk; = (n, cos 8 — n; cos 0) Q, .7

Fig. 4.19 illustrates the three important changes that occur in
the beam traversing the interface. (1) It changes direction.
Because the leading portion of the wavefront in the glass
slows down, the part still in the air advances more rapidly,
sweeping past and bending the wave toward the normal. (2)
The beam in the glass has a broader cross section than the
beam in the air; hence, the transmitted energy is spread thin-
ner. (3) The wavelength decreases because the frequency 1s
unchanged while the speed decreases; A = v/v = ¢/nv and

(4.8)

This latter notion suggests that the color aspect of light is bet-
ter thought of as associated with its frequency (or energy, € =
‘hv) than its wavelength, since the wavelength changes with
the medivm through which the light moves. Color is so much
a physto-psychological phenomenon (p. 131) that it must be
treated rather gingerly. Still, even though it’s a bit simplistic,
it’s useful to remember that blue photons are more energetic
tharn red photons. When we talk about wavelengths and colors,
we should always be referring to vacuum wavelengths
(henceforth to be given as Ayp).

In all the situations treated thus far, it was assumed that the
reflected and refracted beams always had the same frequency

as the incident beam, and that’s ordinarily a rcasonable
assumption. Light of frequency v impinges on a medium and
presumably drives the molecules into simple harmonic
maotion. That’s certainly the case when the amplitude of the
vibration is fairly small, as it is when the electric field driving
the molecules is small. The E-field for bright sunlight is enly
about 1000 V/m (while the B-field is less than a tenth of the
Earth’s surface field). This isn’t very large compared to the
fields keeping a crystal together, which are of the order of
10" V/m—just about the same magnitude as the cobesive
field holding the electron in an atorn. We can usually expect
the oscillators to vibrate in simple harmonic motion, and so
the frequency will remain constant—the medium will ordi-
narly respond linearly. That will not be true, however, if the
incident beam has an exceedingly large-amplitude E-field, as
can be the case with a high-power laser. So driven, at some
frequency v the medinm can behave in a nonlinear fashion,
resulting in reflection and refraction of harmonics (2w, 3y,
etc.) in addition to ». Nowadays, second-harmonic generators
(p. 641) are available commercially. You shine red light
(094.3 nm) into an appropriately oriented transparent nonlin-
ear crystal {of, for example, potassium dihydrogen phosphate,
KDP, or ammonium dihydrogen phosphate, ADP) and out will
come a beam of UV (347.15 nm).

One featare of the above treatment merits some further dis-
cussion. It was reasonably assumed that each point on the
interface in Fig. 4.13 coincides with a particular point on each
of the incident, reflected, and transmitted waves. In other
words, there is a fixed phase relationship between each of the

Rays from the submerged
portion of the pencil bend
on leaving the water as
they rise toward the
viewer. (Photo by E.H.)



104 Chapter 4 The Propagation of Light

waves at all points along the interface. As the incident front
sweeps across the interface, every point on it in contact with
the interface is also a point on both a corresponding reflected
front and a corresponding transmitted front. This sitnation is
known as wavefront continuity, and it will be justified in a
more mathematically rigorous treatment in Section 4.6.1,
Interestingly, Sommerfeld* has shown that the laws of reflec-
tion and refraction (independent of the kind of wave involved)
can be derived directly from the requirement of wavefront
continuity and the solution to Problem 4.26 demonstrates as
much.

4.4.2 Huygens's Principle

Suppose that light passes through a nonuniform sheet of glass,
as in Fig. 4.25, so that the wavefront % is distorted. How can
we determine its new form 3’7 Or for that matter, what will 3
look like at some later time, if it is allowed to continue unob-
structed?

A preliminary step toward the solution of this problem
appeared in print in 1690 in the work entitled Traité de la
Limiére, which had been written 12 years earlier by the Dutch
physicist Christiaan Huygens. It was there that he enunciated
what has since become known as Huygens’s Principle: every
point on a propagating wavefront serves as the source of
spherical secondary wavelets, such that the wavefront at
some later time is the envelope of these wavelets,

A further crucial point is that if the propagating wave has
a frequency v, and is transmitted through the medium at o
speed v,, then the secondary wavelets have that same fre-
quency and speed. Huygens was a brilliant scientist, and this
is the basis of a remarkably insightful, though quite naive,
scattering theory. It's a very early treatment and naturally has
several shortcomings, one of which is that it doesn’t overtly
incorporate the concept of interference and perforce cannot
deal with lateral scattering. Moreover, the idea that the sec-
ondary wavelets propagate at a speed determined by the medi-
um (a speed that may even be anisotropic, e.g., p. 340) is a
happy guess. Nonetheless, Huygens’s Principle can be used to
arrive at Snell’s Law in a way that’s similar to the treatment
that led to Eq. (4.4}, It's probably best not to fuss over the
physical details (such as how to rationalize propagation in vac-

*A. Sormmerfeld, Optics, p. 151, See also J. J. Sein, Am. J. Phys. 50,
180 (1982),

Figure 4.25 Distortion of a portion of a wavefront on passing through
a material of nonuniform thickness.

uum} and just use the Principle as a tool—a highly useful fic-
tion that works. After all, if Einstein is right, there are only
scattered photons; the wavelets themselves are a theoretical
construct.

Figure 4.26 According to Huygens's Principle, a wave propagates as
if the wavefront were composed of an array of point sources, each emit
ting & spherical wave. ¥




