Today’'ssummary

e Polarization

* Energy / Poynting' s vector

o Reflection and refraction at adielectric interface:
— wave approach to derive Snell’s law
— reflection and transmission coefficients
— total internal reflection (TIR) revisited

MIT 2.71/2.710 Optics
10/13/04 wk6-b-1



Polarization
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Propagation and polarization

Inisotropic media
A planar wavefront
(e.g.free space, X
K -r =const.

amorphous glass, etc.)

k-E=0 .
e kLE electric field vector E

Moregenerdly,
k-D=0 wave-vector K

v

(reminder: in

anisotropic media,
e.g.crystals, one

could have

E not parallel toD) y
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Linear polarization (frozen time)
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Linear polarization (fixed space)
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Circular polarization (frozen time)
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Circular polarization:
linear components
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Circular polarization (fixed space)
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A4 plate

<71)

Linear
polarization

Circular

birefringent polarization
A4 plate
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M2 plate

.

Linear (90°-rotated)

birefringent polarization
A2 plate

Linear
polarization
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Think about that

birefringent mirror
A4 plate
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Relationship between E and B

VxE=-L where E = XE, &)

ot
</
Q = Vx=ilkx and gz—ia)
ot
:>B:£k><E

Q

Vectorsk, E, B form a
right-handed triad.

Note: free space or isotropic media only
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Energy
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The Poynting vector

= S= L ExB=c’% ExB

Ho
S S0 in free space

S|k

S has units of W/m?

B S0 it represents
energy flux (energy per
unit time & unit area)
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Poynting vector and phasors(l)

S=cC goExB

5% e = g Kjep - gy = =¥l
@

For example, sinusoidal field propagating along z
E = XE, coslkz— wt) = |9| = c&, EZ cos’ (kz— wt )

Recall: for visible light, w~10'4-10°Hz
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Poynting vector and phasors(l1)

Recall: for visible light, w~104-10°Hz

So any instrument will record the
average incident energy flux

t+T

<H3\> = % j- |S|dt  where Tisthe period (T=A/c)
t

<HSH> IS called the irradiance, aka intensity
of the optical field (units: W/m?)
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Poynting vector and phasors(l11)

For example: sinusoidal electric field,
E = XE, coskz— ot) = |S| = c&oEq cos’(kz— at)

Then, at constant z

(cos? (Iz - at)) = TCOSZ(kz— oty =

Isih = CeoEZ
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Poynting vector and phasors (V)

Recall phasor representation:

f(zt)= Acoskz—wt—g)

f(2,t)= Acos(kz—at - ¢)+iAsin(kz- et - ¢)
complex amplitudeor " phasor": Ae™

Can we use phasors to compute intensity?
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Poynting vector and phasors (V)

Consider the superposition of two fields of the same frequency:

E,(zt)=E, coslkz- at)
E,(z,t)= E, coskz—at—¢)

t+T

EIB Cgo (E1 VE Pdt=..= % (E10 + E2 +2E,,E,, cos)

Now consider the two corresponding phasors:

Ey
E, e
and the quantity

B+ B ™| == 2 (B + 4 + 2,5 cOSY)
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Poynting vector and phasors (V)

Consider the superposition of two fields of the same frequency:

E,(zt)=E, coslkz- at)
E,(z,t)= E, coskz—at—¢)

t+T

EIE Cgo (E1 fE Pdt=..= % (E10 + E2 +2E, E,, cos)

Now consider the two corresponding phasors:
Ep — 11
Ezo e’ o
and the quantity

‘Eio +Ex€ I¢‘ ST s (E10 T Ezzo +2E,Ey COS¢)
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Poynting vector and irradiance

Summary (free space or isotropic media)
S 1 E x B: HS“ — chHEHZ Poynting vector
Ho

t+T

sly== fIsiet  radiance (or intensiy)

(Isi) = =2 Iphasor|* or (|s{) o= [phasor|
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Reflection / Refraction
Fresndl coefficients
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Reflection & transmission
@ didectric interface

A cos Gi A cos Gr

{
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Reflection & transmission
@ didectric interface

i r r
n;
Interface x

Interface n; X

v
_?'1"#
=4
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Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence
Incident electric field:

E, =26, explik, -r —at)]=
= 7E,, expli(k (~ycosé, + xsing) —wt)]
Reflected electric field:
E, =2E, expli(k, -r —at)]=
= 7E,, expli(k (+ycosé, + xsing,) —at))

Transmitted e ectric field:
g N ol z E, =2E, expli(k, -r —at)]=
- T = 2E,, expli(k,(~ycosé, + xsin6,) — wt)|

8,1 . 27 2
g where: K=/1 —, kt:/17znt
MIT 2.71/2.710 Optics vacuum vacuum
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Reflection & transmission
@ didectric interface
|. Polarization normal to plane of incidence
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W =3

Continuity of tangential electric field
at the interface:
E. (tangential) + E, (tangential) =
= E, (tangential)
= E, expli(k (—ycosé +xsing,) — wt)|+
E,, expli(k (+ycosé, + xsing,) —at)|=
E,, expli(k (~ycosé, + xsing,) — at)]

But at the interface y=0 so
E, expli(kxsing, —at)]+
E,, expli(kxsing, —at)]=
E,, expli(k,xsing, — ot)]



Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence

Continuity of tangential electric field
at the interface:

E, eXp[i (kI Xsing —>Q] n

E,, expli(kxsing, —>9Q] =
E,, expli(k xsin 6, ~y(]
Since the exponents must be equal
g £k for all x, we obtain
Interfacef i : :: ' x Hi — er and
11 . . 2m . 27, .
AN, . k sné =k siné, < sneg = sing,
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Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence

Continuity of tangential electric field
at the interface:

60 =0 law of reflection

| r

nsing =nsné,

g 5 & Snell’s law of refraction
AN o so wave description is equivalent
R to Fermat’ s principle!! ©
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Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence

Incident electric field:
E. = 2E, expli(k (~ycosé, + xsing,) —awt)|
Reflected electric field:
E, = 2E,, expli(k (+ycosé, + xsing,) — wt)]

Transmitted electric field:
E, = zE,, exp|i(k (-~ycosf, + xsing,) — wt)]

o . s Need to calculate the reflected and
Interface :: - tl‘anSI’nItted ampl ItUdeS EOI” EOt

|.e. need two equations

e
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Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence

Continuity of tangential electric field
at the interface gives us one eguation:

E, expli(k xsing, — ot)]+
E,, expli(kxsing, —at)]=
E,, expli(k,xsing, — at)]

which after satisfying Snell’ s law
£ becomes

8;
Interface n; X —
— ny EOi + EOI’ T EOt

? E,
o

Y

“m* :1=>
o |/
‘
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Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence

The second eguation comes from
continuity of tangential magnetic field
at the interface:

B (tangential) + B, (tangential) =
= B, (tangential)

‘ Recall B=TkxE
k, 0,

®
6, | o, .
Interface ;i * X y
iy

Z
% :l ksand kcos@é O
! g, @ O O EO
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Reflection & transmission
@ didectric interface

|. Polarization normal to plane of incidence

So continuity of tangential magnetic
field B, at the interface y=0 becomes:

k E, cosd —k E,, cosé. =kE, cosb, <
n E, cosd —nkE, cosd, =n,E, coso,

? E,
o

= ¥ :f > -
i
w
"?‘-* 3|3
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Reflection & transmission
@ didectric interface
|. Polarization normal to plane of incidence

MIT 2.71/2.710 Optics
10/13/04 wk6-b-33

Solving the 2x2 system of equations:
EOi + EOr — EOt
nE, cosd —nkE, cosd. =nE, coso,

we finally obtain

_— E, | N cosd —n cosy,
~ (Ey ), ncosg +n, coso,
¢ Eo| _ 2n. coso

~ (Ey ), ncosd +n, cosd,




Reflection & transmission
@ didectric interface

|1. Polarization parallel to plane of incidence
; Following a similar procedure ...

- E, | _ N COsé —n coso,
I E, . M, cosg, +n, cos,

AB’;.T;"-q N i: £, t _ EOt _ 2n| COSHt
1111111 | \( - " {Ey ), n.cosd +n cosd,
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Reflection & transmission
@ didectric interface

1 n=15

=

“Brewster
angle’

Amplitude coefficients

6, (degrees)
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Reflection & transmission of energy
@ dielectric interface

Recall Poynting vector definition:

S =©QHEH2

different on the two sides of the interface

C 2
vacuum vacuum R_ EOr 2
ni nt ( EOi j

TN cosd, | E, ’ _n COSO, 2
n cosé, | E, n cosé
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Energy conservation

, h,cos 6
r +

R+T =1, le L2 =1

n. cos 4.

A cos 61.
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Reflection & transmission of energy
@ dielectric interface

(a) 1.0
2 X
g8 [
s g I
§ E 05k ng =1.5
22
= =
| | [ |
0 30
0. (degrees)
(b) 1.0
= i Ly
< 9 !
28 L
g 05 nu=lLS
S Z -
2 |
L 0
. .RII P
0 30 60 90

. 0,
MIT 2.71/2.710 Optics i (degrees)
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Nor mal incidence

- E, | ncosé —n, cosg, Note: independent of polarization
" | Ey ), ncos +n coso,
t:&] — 21, Cos6 ﬁi:Oandﬁt:O r =1rp1, = n,— N
L o J, N COSE +n, CcosH), ‘ 1 I n, + n,
E, n, cosé —n, cosé, 2N
0= = t, =t, = i
Ey ), N COSE +n COSE, n.+ n,
. Eo | _ 2n, coso,
" {Ey ), ncosé +n cosd,
2
n.—n
R =R =| ———
n +n
4n,.n.
T, =T = L >
MIT 2.71/2.710 Optics (nt + I, )
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Brewster angle
Recall Snell’sLaw n,sing =n,sing,

_ n,cosg —n,cosf,  sSn(b, -6,)
" ncosd +ncosd,  sin(6,+6)
_ N, cosé, —n coso, _ N tan(@ - 6,)

n, cosé, +n. cosé, tan(é, +6,)

1

J

If n #n,r, #0foral 8.Whené -6, :%(tanei :&),rII =0.
r]i

Thisangle is known as Brewster’ s angle. Under such
circumstances, for an incoming unpolarized wave, only the

component polarized normal to the incident plane will be
reflected.
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Why does Brewster happen?

elemental
dipole
radiator
excited by
the incident
field
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Why does Brewster happen?
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Why does Brewster happen?

(c)

(d)
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Why does Brewster happen?

rs .
A ¢+, Wavesinthe

G plane-of-incidence

_*_ Waves perpendicular
to the plane-of-incidence
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Turning thetables

Isthere arelationship betweenr,tandr’ ,t° ?
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Relation betweenr,r’ andt,t’

ar
a .
ar | glass
r'=-—r
re+tt’' =1
Stokes relationships
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at

[

glass| air

Proof: algebraic from the Fresnel coefficients
or using the property of preservation of the
field properties upon time reversal



Proof using time rever sal

ar
at

ar | glass

| o

/

alr+r')t=0=r=—r
a(r2+tt’)=a:> r+tt' =1
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Total Internal Reflection

Happens when
nsné >1

Substitute into Snell’ s law

sino, :ﬂsiné’i >1
n
ok if 6, complex

no energy transmitted
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Total Internal Reflection

no energy transmitted
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Propagat

E, oc exp|
where

INng component
ik, ycosé, |

2 ~in2
Ccosb, :J_ri\/ni Sn“6 -1

SO

E, oc exp

2

n

n’sin‘ @
'—Ky\/ <




Total Internal Reflection

n°sin®é.
Eocexp'—hy\/' — 1

Pure exponential decay
= evanescent wave

_ It can be shown that:
no energy transmitted

‘ <HStH> ~0
]
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Phase delay upon reflection

1 Phase delay isO
5; 1 Phase delay IsTr
) n=1 (air)
n=1.5 (glass)
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Phase delay upon TIR

n’ coséd
n’siné —
tan o2 — - In '
2 n cosé
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Phase delay upon TIR

o O
=
,—::pa u n,>n,
= 1
y Il;iléj ”i/ni - 1/15
> a3
1 1 |
0 308;30c 60 90
0, (degrees)
© 7 5L
fam
|—:||'§: Ad, n,>n,
L g , =
ﬂlg nfn, = 1/1.5
=
1 [ | 1 | L1
0 30 0, 60 90

0, (degrees)
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