Electromagnetic Theory (1 (EMT 11); Online Unit 1.

REFLECTION AND TRANSMISSION AT OBLIQUE INCIDENCE

(Laws of Reflection and Refraction and Total internal Reflection)

(Introductlon to Electrod yna mics Chop 9)

(nstructor: Shah Haldar Khan Mwiversltg 0{ Peshaway.

Suppose an ncident wave makes an angle 0, with the normal to the xg-pmwe at z=0 (ln
medivum 1) as shown in Flgure 1. Suppose the wave splits into parts partially reflecting back
in medium 1 oand partially transmitting into wmedivm 2 wmaking angles B and 8+,

respectivetg, with the normal.
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Floure 1.

To understand the phenomenon at the boww{mg at z=0, we should apptg the appmpvmte
boww{mg conditlons as discussed Ln the earlier Lectures.

Let us flrst write the equations of the waves in terms of electric and wmagnetic flelds

dependling upon the wave vector K and the frequency .



MEDIUM 1:

El (I', f) — ]::Oie!'(kf‘r—wf)
~ 1 - ..
Bi(r,t) = ?(k; x Er)

1

where € and B, s the lnstantaneous magnitudes of the electric and magwnetic vector,
respectively, of the tncloent wave. Other symbols have thelr usual meanings.

For the reflecteo wave,
- - , - 1 - "
Er(r. 1) = Egue' ¥ Bp(r, 1) = — (kg x Ep),
1

Simltmtg,

MEDIUM 2:

- - . - 1 - -
Ep(r.0) =Eg e &9 By(r,1) = —(kr x Ep).
v2

Where Erand Brare the electric and magnetic instantaneous vectors of the transmitted part

b medivom 2.
BOUNDARY CONDITIONS (at z=0)

As the free charge on the surface is zevo, the perpendicular component of the displacement
vector Ls contlnmous across the surface.

DL+ Del) (n Medivum 1) = Dr1 (In Medium 2)
Where Ds represent the perpendicular components of the displacement vector in both the media.

Converting D to €, we get,

& EBL+T &ErL = &ETL

]'::0 et' (Ky r—wt)
I



£ L +e B el KR = ¢ By, o Krr=en) )

Stnee the equation ts valid for all x and y at z=0, and the coefficients of the exponentials are
constants, only the exponentials will determine any change that Ls occurring. However, the
exponentinls are the phase factors and the waves must joln smoothly at z=0 with the same
phase. n other words, the exponentinls must add up in such a way that the equation is valid
for all points x ano Y on the plane z=0. (To wnderstand it mathematicm%, problem 9.1¢6 is
very helpful.)
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Where A, B, and C are different constants veplacing the fields. Since the frequency remaing
the same, the thme part bn the exponentials cancels out.

Equation 1 is satisfied for all x and Yy only when the powers of the exponents are separately
equal. A crude way to understand this is to look at the method of algebraie summations in
our school algebra: Only the coefficients of the variables having the same power can be added
together.

So,

ki -r=Kkg-r=kr-r, whenz=0, 2)
Writlng the above vector equations tn component form, we get

x(ki)y + .}’(kl)y = x(kr)x + y(kR)y = x(kr)x + }"(kT)y, (=)

For all x and Y. Remember z = 0 here.
Suppose the polnt of interest is x = 0 on the xy-plane.

Thew equation 3 can be written as

5(@/)5 =Y (@R)g - Y (lQT)g

or



(ki)y = (kg)y = (k1)y, (4)

Cownslder equation 4. If we suppose that (k)y = 0, This means that the incident wave is
moving in the xz plane. That is, the direction of the incldent wave does not have a y
component. Saying this automatically bmplies that the wave vector R of the reflected as well
as the transmitted wave do not have a Y component ((Rny = o lmplies (kRe)y = 0 and (kr)y
= 0 by virtue of equation 4).

This leads us to the famous First Law of Reflection and Refraction: ALl the tncldent,
veflected, and refracten components of a wave Lie in the same plane, the plane of incidence. (n
our case, jus for example, the plane of incidence would be the xz-plane (because ky = 0).

Now Suppose Y = O in equation 3, we get,

(ki’)x = (kr)x = (kT)x

(&)

Plane of Incidence
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Flgure 2

with the help of figure 2, equation 5 can be written as

kysinf; = kg sin Or = k7 sin @y (&)

Ov



kysin@; = kg sin 0g )

As the tncldent and the veflected wave vectors are equal (the same medium), equation 7 can
be simpLL{Led to

sin 4 ] = SInfg
Lending us to the Second Law or the Law of Reflection,
81 == 9R (g)

The angle of incidence is equal to the angle of reflection.

Now, proceeding further, equation & can alsp be written as

k; sin 9} = kT sin 61

Or
kr _ Sin 9[ ( )
kl o Sin 97‘ 3

The frequency of the wave can be written as
w = kv
AS the frequency) remains the same,

So,

kﬂ?l = kR V1 = kTUZ (Ve and vz are the speeds in medivum 1 and 2, vespectively)

or
kr _ v (10)
ki vy

Putting equation 10 in equation 9,



V1 _ Sin 6,

v, Sin6;

Ovr

Sin 01 __ny

Sin O nq

(11)

Equation 11 (s the Third Law or Snell’s Law of Refraction.

Equation 4 , €, and 11 give the three fundamental laws of geometrical optics.

Total nternal Reflection

The complete veflection of a wave back into the first medivm is called total

internal veflection. n this case, wo part of the wave gets transmitted into the

seconol medivm. The phenomenon depends upon the indices of refraction of the

two medin and the angle of incldence. The total internal reflection always
happens only above a certain angle of tncldence for a set of two given medin. This
angle of bnctdence Ls called the eritical angle. Flgure 2 Ls a hypothetical situation

bn which light falls from water onto atr.

As the angle of incidence increases from 0 to greater angles ...
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...the refracted ray becomes dimmer (there is less refraction)

...the reflected ray becomes brighter (there is more reflection)

...the angle of refraction approaches 90 degrees until finally
a refracted ray can no longer be seen.

Flgure 3 (Copled and wodified from: Mttpg://www.pl/lggicsctassmom.com)

As You can see, when light starts falling oblique wpon the interface, veflection
starts. The veflection part lnereases tn intensity and the transmitted part gets

dimumer and dimmer upon bnerease in obliqueness. When the angle of Lincidence
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becowmes 42.6° with the normal, the refracted or transmitted ay disappear and
wmoves parallel to the interface grazing, with angle of refraction 8 =90°. This
angle Ls called the Critical Angle. Any angle of lncldence greater thaw this will
malke Light completely reflected Lnto water (the first medium).

Mathematiaaug

Frome Swell’s Llaw,

Sin 0 _n2 12)
Sin 0T nq

At the critical angle 6,,

Sinf, _ny
Sin90 ny

Or

— ain—1
0, = sin™ " (nz/n1) (42)
Equation 13 help us to caleulate the critical angle for a pair of two wmedia,

From equatf,ovx. 12,

. n
sinfr = — sin 6,
g (14)

FOR. 6> 8.,

Sinf; >Sin0,
Awnol with the help of 13,

Sin 0, > Sin (Sin"1("2))
in 6; > Sin (Sin™" (-
Oy

Sin 6 >n2
in6;>—



Or equation 14 lmplies

. nl n2
Sin BT > E . H
This means that
Sinfr > 1 (15)

which renders the angle of transmission as weaningless, Hewce wo
transmission at Bi > B¢. (The total internal reflection).



