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Reflection and refractioof light
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Outline

Incident, transmitted, and reflected beams at interfaces

Reflection and transmission coefficients

The Fresnel Equations
Brewster's Angle

Total internal reflection

Power reflectance and transmittance
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Phase shifts in reflection
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The mysterious evanescewave




Definitions: Planes of Incidence and the
Interface and the polarizations

t SNLISY RA Odzt I NJ 6 & { € 0 |npi :
polarizationsticksout Incident medium
of or into the plane of
Incidence.

Plane of incidence ——
(here the xy plane) is

the plane that

contains the incident

and reflected k

vectors.
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t | NJ f fp6larization t
liesparallelto the plane
of incidence.
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Transmitting medium




Shorthand notation for the polarizations

PerpendiculanS) \/

polarizationsticksup out K

of the plane of incidence.
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parallel(P) polarization lies \ /
parallelto the plane of
incidence. 3&

—
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Fresnel Equations

We would like to compute the
fraction of a light wave reflected
and transmitted by a flat interface
between two media with different
refractive indices.

r. = EOr / Ea for the for the
_ perpendicular parallel
L, = EOt / EOi polarization polarization
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where E,;, E,,, andE, are the field complex amplitudes.

We consider the boundary conditions at the interface for the electric:
fields of the light waves.
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Boundary Condition for the Electric
Field at an Interface

The Tangential Electric Field is Continuous
In other words:

The total Hield in
the plane of the
interface is
continuous.

Here, all Hields are
in the zdirection,
which is in the plane
of the interface (xz),
SO:
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Ei(X’ y: 01 Z,):+Er(X,y:O, Z’): - Et(X! y:O’ Z!):




In other words:

The total Bfield in
the plane of the
Interface Is
continuous.

Here, all Bfields are
in the xyplane, so
we take the
X-components:
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I Bi(X, y:O, Z, l COS@) T DA, YU, £, LUDY) — 1 DA, YU, £, ) LUD

Y
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*It's really the tangentiaB/m but we're usingn 5 m
y T




Reflection and Transmission for
Perpendicularly (S) Polarized Light

Canceling the rapidly varying parts of the light wave and keeping only
complex amplitudes:

£, +E, =,
- By cogf ), cosg )=B; cos(

ButB=E/(¢/n =nH gand g =
n(E, - E)cos@) = nE cosg
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Substituting for E;, using E; + E, =K :

—
O
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n(E, - E)cosq) = r(E B )cos(g




Reflection & Transmission Coefficients
for Perpendicularly Polarized Light

Rearranging n(E, - E)cos@ ) = a(§ K )cos(q yields
E, [N cos@ )+ n cos(g) =& [n cos(qg p cos(]

Solving for E,, / E; yields the reflection coefficient :

Ir. =B, /E; fncos@) n cos(g) [n cos(q) n+ cos(]f

Analogously, the transmission coefficient, E, / E;,Is

lt. =By /B, 2ncosg )[n cosg) # cos(
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Simpler expressions fat, andt,

Recall the magnification at an
interface,m:

m=" _Cos@, )

W  cos@ )

Also letr be the ratio of the refractive indices,/ n..

Dividing numerator and denominator ofindt by n, cos(q):

r. =[n,cos@ ) 1 cos(g) [n cos(g m cos(|g[=1 r| f/1
t. =2n cos@ ){n cos(g)# cos(4) =3/1 #Y
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Fresnel Equations Parallel electric field

Note that Hecht
uses a different
notation for the
reflected field,
which is
confusing! Ours
is better!
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Note that the reflected magnetic field must point into the screen to
I OKA 15"k 0 ¢ KS




Reflection & Transmission Coefficients
for Parallel (P) Polarized Light

For parallel polarized light, By - By, = By,

and E,cos(@) + E,cos(g) = E,cos@)

Solving foig,, / By yields the reflection coefficient,, :
\r”=E0r/Eo $ncos@g ) n cos(g) [n cos(qg) p+ CO$(]|

Analogously, the transmission coefficieqit,= E, / Ey;, IS

‘t” =E,/E, 2ncos@ )[n cos(g) cosl(c]yl
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These equations are called the Fresnel Equations fzr  polarized lig




Simpler expressions foy. andt.

=Eq/E, Fncos@q) R cos(g) [n cos(q) p+cos(]

t,=Ey/E; 2ncos@ )[n cos(@) # cos(§

Again, use the magnificatiom, and the refractivandex ratio,r .

And again dividing numerator and denominator @ndt by n, cos(q):

r=[m -r]/[m +

t, =2/[m 4]
_m-r 2
Gy ST mer
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Reflection Coefficients for an Atn-Glass Interfac

N, °1<n° 1.5

glass

Note that:

Ul

Total reflection ag = 9
for both polarizations

o

Zero reflection for parallel
polarization atBrewster's
angle(56.Xfor these values
of n, andn,).

Reflection coefficient
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until we do dipole emission ' 30A 60A 90A
and polarization.) Incidence angleg



Reflection Coefficients for a Glags-Air Interface

©15>n

o) .
air 1 Critical
angle

nglass

ol

Note that:

Total internal

Total internal reflection reflection

above the critical angle

o

%rit ! arcsir(nt /ni)
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(The sine in Snell's Law
can't be > 1!):

SIN(Qerir) = N/ 1.
sin(90) : 30A 60A 90A
Incidence angleg




Transmittance T) | = &% IEEOIZ

/S ¢ 2
T 1 Transmitted Power / Incident Power = A . A=Area
LA
Compute the
ratio of the A _Ww _cosg)
beam areas:  1p peam A w cos@q)

expansion G

The beam expands in one dimension on refraction.

: 3 =t
a_ ec, 2 | i‘z
7= LA :8@‘ 2 ‘%‘“‘ gvvt gg\EOt\ W n_,cosg)
A G an g8 Bnlaw 1 o)

The Transmittance is also
called the Transmissivity.
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2
A= Area

/

R 1 Reflected Power / Incident Power = IVA*

|:§@ e.c, |%0|2
(; —_
/

A

Because the angle of incidence = the angle of reflection,

A

0KS 6SIY | NBSI R2SayQd OKIFy3S
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Also,nis the same for both incident and reflected beams.

So:

=
oo
—

R=2 The Reflectance is also
called the Reflectivity.




Reflectance and Transmittance for an
Alr-to-Glass Interfac

Perpendicular polarization

30A 60A A A 30A 60A  90A
Incidence angleg Incidence angleg

Reflection and refraction of light

Notethat R+ T =1



Reflectance and Transmittance for a
Glasgo-Air Interface

Perpendicular polarization

30A 60A 90A
Incidence angleg

30A 60A 90A
Incidence angleg

Reflection and refraction of light

Notethat R+ T =1




Reflection at normal incidence

Wheng = 0, . 2
R = dn-n ¢
x .
chh*tn -

and 4
T o= 4NN
(n+n)

For an akglass interfacer{ = 1andn, = 1.9,

R=4% and = 96%
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The values are the same, whichever direction the light travels, from &
glass or from glass to air.

N
=
—

The 4% has big implications for photography lenses.
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Oneway mirrors (used by police to interrogate bad guys) are just part
reflectors (actually, aluminurmoated).

Disneyland puts ghouls next to you in the haunted house using partia
reflectors (also aluminursoated).

[ FASNR dzaS . NBgausSNXQa Fy3atsS 0Oz

R=100% 0% reflection!

I L Laser medium

Reflection and refraction of light

»
0% reflection!

Optical fibers use total internal reflection. Hollow fibers use high
Incidenceangle neatunity reflections.



Phase shifts in reflection (air to glass)

30C 60C 90C
Incidence angle

30C 60C 90C
Incidence angle

180cphase
shift
for all
angles

. Reflection coefficientr,

30A 60A
Incidence angleg

180cphase shift
for angles below
Brewster's angle;
Ocfor larger angles
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I —
] Critical
Interesting angle
phase above
the critical

angle

Total

internal
reflection

o

30C 60C 90C
Incidence angle

Reflection coefficient,

0A 30A 60A 90A
Incidence angleg

H
o
Reflection and refraction of light

180cphase shift
for angles below
30C 60C  90C rewster's angle;
Incidence angle Ocfor larger angles



(a) s-polarization

Note the general behavior 150
above and below the e
@I NR 2dzda Ay dSNBE

80

Critical

Brewster Angle:6;.

Angle 6,

o2 1. NNy

>
k-
Li Li, OPN, vol. 14, #9, oI

pp. 2430, Sept. 2003~ ° 200 g
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If you slowly turn up a laser intensity incident on a piece
glass, where does damage happen first, the front or the

The obvious answer is the front of the object, which sees the highe
Intensity first.

q

h

But constructive interference happens at the back surface between
iIncident light and the reflected wave.
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This yields an irradiance that is 44% higher just inside the back surfece!

(1+ 0.2y =1.4¢




Phase shifts with coated optics

Rejlections with different magnitudes can be generated using partigl
YSGFEEAT I OA2Y 2N O2F GAy3Jao 2 §Q

But the phase shifts on reflection are the same! For meamal
incidence:

180Aif low-indexto-high and O if higindexto-low

Highly reflecting coating on
Example: this surface

l
e SVAVAVA
=\ /\/\

Phase shift of 188

Laser Mirror
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Total Internal Reflection occurs when ging 1, and no
transmitted beam can occur.

Note that the irradiance of the transmitted beam goes to zero (i.e., TIR
occurs) as it grazes the surface.

Total Internal Reflection
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Total internal reflection is 100% efficient, that is, all the light is reflected.



Applications of Total Internal Reflection

Beam steerers

Beam steerers
used to compress
the path inside
binoculars
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Three bounces: The Corner Cube

Corner cubesnvolve three reflections and also displace the return
beam in space. Even better, they always yield a parallel return beam:

If the beam propagates in the z direction, it emerges inghélirection,
with each point in the beam (x,y) reflected to th&{y) position.
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