CHAPTER 12.

THE PROPAGATION OF LIGHT

12.1 The Natureof Light

Light travels as combined transverse eectric and magnetic fidds. We have dready learned that
the dectric and magnetic fidds are convenient schemes to explain dectric and magnetic forces
but beyond these measurable properties fields have no other intuitive redlity. Light can travel
through vacuum, in which case there is no medium for it to interact with. To add to the mysery,
Eingtein posiulated from experimenta evidence thet light must travel with the nature of discrete
particles known as photons. Ultimatdy these explanations of light remain beyond our common
intuition. We are left with two theories that adequately explain the neture of light: thefirgt isthe
Classicd Theory usng Maxwedl's master equiations to describe the wave behaviour, the second
is Quantum Theory which is adle to indude the partide nature.

Light travels from source to detector in such away thet it takes the least possble timeto travel,
thisgenerd principleis caled Fermat's principle. For dl our common congderations we can
assume that light travels from source to detector in astraight line. The speed of light is greatest
through avacuum and the vdue of thisspeed is
c=3.00 1 ms.

Eingan'stheory of Specid Reativity indudes the axiom that nothing can accderate to speed
gregter than thisvaue. In dl transparent media the speed of light islessthan ¢. The refractive
index of amediumistheratio of ¢ to the speed of light in that medium. The symbal for this
refractive index isn (Sometimes ).

n = < (12.1)
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where v, isthe speed of light in amedium that hesanindex n . The energy of aphoton is
proportiona to the associated frequency f (or w) and this frequency does not change as
photons cross the boundaries between different media As a consequence both the wavedength
and speed of the photon must change for different media so that

V.
f =—L =aconstant .
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When light encounters a boundary between two trangparent mediawe need not think that the
speed changes ingantaneoudy the change occurs over a short distance asthe light penetrates
the new medium, this digance is cdled the " skin depth’.

The colour of light istechnicdly defined by the wavdength. The human eye rardly encounters
monochromatic light of asingle wavelength or colour. There are no sandard wavdength
ranges for sandard colours; the vishle spectrum begins with violet a about 380 nm and ends
with red a about 700 nm.



The detalls of the modd for light passing through a refracting medium are quite complicated yet
it is commonly found that the refractive index of a medium changes dightly with waveength, this
means that photons will trave a different peeds according to their wavedlengths; in particular
crcumstances the different wave engths can be separated, this effect is caled dispersion.

12.2 Rays
When light travels from a point source it radiatesin al directions moving outwards as a spherical

st of waves. Mot sources give a spectrum of wavdengths but for convenience and smplicity
we will assume that we are dedling with monochromatic rediation.

In our diagram we have shown aradiating source sending out sphericd waves, the waves have
al been tranamitted at aregular frequency and are evenly spaced asthey trave, thisregular
synchronous behaviour can be caled coherence. Two sources are coherent when they transmit
into the same medium & the same continuous frequency; this does not mean that they must have
the same phase, rather that they continue to radiate with the same phase difference. In our
diagram we have dso induded some lines that are perpendicular to the wave-fronts, these lines
are cdled rays, they show the direction that awave must travel (until it meets an obstade) or
the path of an individua photon. (In practise we cannot narrow alight beam down to extremey
narrowsraysbecauseof diffraction.) When the waves have travdled along way from the
source the drcular curvature of their wave-fronts reduces so that these wavefronts become
pardld. In avery narrow ray the wave fronts are reduced to amdl sectionsthat can be
conddered to be pardld. Hat pardld wave frontsin three dimensons are cdled plane-waves
If we could observe the wave-frontsin an optical ray of thicknesssay 10° m (dso cdled a
micron) we would see
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Which we might other wise draw on larger scde as

12.3 Reflection

When aray meets amedium boundary it can be: aosorbed in the new medium, continue through
the new medium with a new speed and waveength or reflect from the boundary. In this section
we will congder reflection. Congder (in expanded detail) aray that meets aplane (flat)
boundary between two media. The angle of incidence g isthe angle between theray and a
perpendicular line from the surface called the normal.

In the above diagram we have shown an expanded ray mesting afully reflecting surfece, thisis
indicated by the hatching on the surface, acommon way for amirror surface to be indicated.
We have then further magnified the diagram o that the (reduced) wavefronts at the surface can
form the trianglesasc and oce with the surface. In these triangles the common Sdes AB and
DC are one wavdength long and the triangles are congruent (with two matching sdesand a
right angle). This geometry esteblishes alaw of reflection: the incident and reflected rayslieina
plane and the angle of incidence equas the angle of reflection.

a. =q;

12.4 Refraction

When aray meets amedium boundary it can aso continue through the new medium with anew
pead and wavdength. In this section we will consder refraction which occurs when aray
entersamedium and is not aosorbed but continues through the new medium. Some common
examples of refracting media are water or glass. Whenever refraction occurs there is aso some
reflection, the weekly reflected rays obey the law of reflection, but here we will only concern
oursalves with the refracted ray.
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Thistime we have again shown twowewsof ameagnified ray crossing aboundary from medium
1 characterised by arefractiveindex of n,, into amedium characterised by n,.. As

the waves change speed and waved ength as they encounter the new medium, we have

where f the frequency remains congant. From the geometry in our lagt figure
|,
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where we have a0 used equation (12.1). Sometimesthe ratio of the refractive indicesisaso

referred to as arefractiveindex in WhICh caewe have
sng _
=2 =Ny
snd. (122)
Thisequation for theralocfthesnalscdled Sndl'slaw. Thelaws of refraction Sate that: an
incident ray and an its refracted component lie in common plane with the surface normd, but on
different Sdes of the surface and the angles of incidence and refraction are rdated by Sndl's

law.
When aray travdsfrom A in medium 1, to B in medium 2, then if the ray travels according to

Sndl'slaw theray takesthe least time possible to travel between A and B, we might dso cdll
this the shortest path in terms of the time taken.
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For the particular ray path shown above, it is easy to show that
sn45 _ 141

sn30° 100

12.5 Polarisation

We darted this chapter with the Statement, "Light travels through a medium as combined
transverse dectric and magnetic fidds.", this transverse property of opticd rays helps us
undergtand the nature of polarisation. Aswe are dedling with dectric and magnetic fiddswe
should be prepared to use alittle imagination to help our understanding. Condder a
monochrometic continuous plane wave moving through space
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In this sketch the B, 4 fidds are ostillating horizontally as they move through space, while the
E, ., fidds ostillate verticaly. If these fidds encounter agrid of vertical conducting strips B, ., will
bend about these conductors and aback em.f. will be generated. Thiswill in turn cancd the
E.., fied and the wave will not proceed eesly through the grid (thet is, it is atenuated). The
reason for thisis suggested by the next diagram, the radiation field B, cutting the conducting
grid displaces charges in the conductor in such away that the resulting induced E field (shown
aswhite on black) opposestheradiation E,, fidd.
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In apolaroid filter the conducting grid is formed by molecular chains and these act to oppose
the eectric field as described above.
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If the polaroid filter is turned Sdeways, so thet the radiation fidd B, is pardld to the
conducting grid then little if any opposing fidd is generated and the radiation passes through
without attenuation. Unpolarised light has photons of dl orientationsof E,,and B, ina
direction transverse to the wave mation. Passing this unpolarised light through one filter will then
give us (linearly) polarisad light where the transverse fidds that pass through theffilter, have a
common dignment. A polarised beam can be andysed by a second filter, & apardld
orientation of the analysing filter the light will not be attenuated &t dl, but when thisfilter isturned
through a right angle about the propagation axis the beam iswhally attenuated as polarisng in
both directions are removed by the two filters.

When abeam of light is reflected from smooth a surface the reflected beam can be wholly or
partly polarised. The E,, vector is strongest when it moves across the face of the reflecting
surface while the E,,, component thet movesinto or out of the surface is reduced or removed on
reflection. Thisis the reason while polaroid spectadles can be used effectively to block much of
the rediation that is reflected from a smooth water surface or the Ei:%hNay on asunny day.
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/@%
filter
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E;aa

The use of Polariod filtersis shown above Thefilter with the horlzontd molecular chains blocks
dl the radiaion that ill reflects from the water, the filter with the vertica molecular chains
blocks only asmal amount of the reflected radiation.

12.6 Interference

I nterference occurs when waves from two or more sources are added together at particular
times and places. If the waves have the same amplitudes and are in phase they will combineto
givetwicethefidd (or displacement if pressure waves). If the waves are out of phase they
ubtract to give a zero amplitude and wave intengty. For the purposes of our discusson we
need to be more particular and assume that we have two or more monochromeatic sources, thus
with identical wavdengths, sending out continuous unbroken Sgnas. One way of setting up a
auitable system isto have a screen which blocks plane waves with wave crests pardld to the
screen but has smdll openings (gpertures) through which some radiation can pass. A sngle
opening in such ascreen is shown below, we could be dedling with water surface waves or with
phericd light wavesthat have travelled so far that they have becomeflat planes.
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If we have two smal sources dose together, but morethan | gpart, we get the superimposed
pettern that is shown next.

Thisis an interference pattern, the diagram has been arranged o that: two grey wave cress give
black and two white troughs stay white, when they arein phase. The waves radiating in the
black and white zones have a maximum amplitude and intengity. When the waves are out of
phase, the black and white crests and troughs, overlay to give grey, in these zones the waves
havelittle, if any, amplitude and so thereislittle radiaion. The two sources or gpertures have
been shown ascirdes (S and S)) that are adisance d apart.

If we go to afield point Pin adirection q to the x-axis (which is the perpendicular bisector of
S,S,, we could dso cdl thisthe central normal) then we can cdculate the goproximeate
difference in path lengths S, P and S P, thisis shown in the diagram below:

F
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From the geometry of this diagram we can seethat S, P is about dsing longer than SP. If two
waves gat from S and S, a the same time, then the wave from S, arrives & P firdt, while the
wavefrom S, arivesalittle later. We can say that thewave from S, isddayed in phase. This
phase dday (or phase difference) isthe fraction of, the path difference divided by the
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dsing

wavedength, or | of awholecyde. Asonewavelength or awhole phaseinterva is 2o
or we can say the phase differenceis between thewavesfrom S, and S, is
F= 2pdsing

I
a P. For our interference conditions the two waves will combine to give amaximum intengty if
they arrive at P with the same phasg, that is

or dsna =ml (12.3)
wheremisan integer. This equation (12.3) isapowerful equation for caculaing interference
effects it gives the angle (from the centrd norma to the two monochromatic coherent sources)
a which amaximumintensty will be observed. The minimum (or zero) intengty will occur when
the two waves arrive & P out of phase, that isther phases differ by awhole number of cydes

pus ahdf cydeor

F=(m+52p :—Z'Odf‘ncI

or dsing = (m +3)| (12.4)
Thisis the corresponding equation that enables usto cdculatetheangle g, or podtiona P, a
which aminimum or zero intengity is observed in an interference pettern.

125



