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Propagation of EM wave through medium

Governed by wave equation

Solution:

where

In nonferromagnetic media           , and so              .
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Propagation of EM wave through medium

Alternatively e is measure of attentuation of electric field
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Propagation of EM wave through medium

In medium: 
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Bound electrons

Steady state: electron oscillates at driving frequency

      

Oscillating dipole

Polarization
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Dielectric function
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Bound electrons

Amplitude of bound charge oscillation
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Bound electrons

Below resonance: bound charges keep up with driving 

field        field attenuated, wave propagates more slowly
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Bound electrons

At resonance: energy transfer from wave to bound 

charges        wave attenuates (absorption)
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Bound electrons

Above resonance: bound charges cannot keep up 

with driving field        dielectric like a vacuum
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Free electrons

No binding: 

Equation of motion:

Solution:                                                            (no resonance)

Low frequency (            )          current generated

Fbinding 0

m
d2x
dt2 m

dx
dt

eE

x(t) e
m

1
2 i

E(t)

J Ne 
dx
dt

Ne2

m
1

i
E ≈

Ne2

m
E E



Free electrons

            :     s complex        J out of phase with E



Free electrons

            :     s complex        J out of phase with E

Dipole:

p(t) ex (t) e2

m
1

2 i
E(t)



Free electrons

            :     s complex        J out of phase with E

Dipole:

Polarization:

p(t) ex (t) e2

m
1

2 i
E(t)

P(t) Ne2

m
1

2 i
E(t) eE(t)



Free electrons

            :     s complex        J out of phase with E

Dipole:

Polarization:

Dielectric function:

p(t) ex (t) e2

m
1

2 i
E(t)

P(t) Ne2

m
1

2 i
E(t) eE(t)

( ) 1 e 1
Ne2

m o

1
2 i

( ) i ( )



Free electrons

( ) 1 e 1
Ne2

m o

1
2 i

( ) i ( )



Free electrons

Little damping:

( ) 1 e 1
Ne2

m o

1
2 i

( ) i ( )

0≈ 0



Free electrons

Little damping:

( ) 1 e 1
Ne2

m o

1
2 i

( ) i ( )

0≈ 0

( ) 1
Ne2

m
1

2 1 p
2

2



Free electrons

Little damping:

( ) 1 e 1
Ne2

m o

1
2 i

( ) i ( )

0≈ 0

( ) 1
Ne2

m
1

2 1 p
2

2

ε

ε

ωω

ω

ω

E = h

p

k = √    c



Free electrons
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Free electrons

Plasma acts like a high-pass filter

ε

ε"

ε'
ε

ωω

ω

ω

E = h

p

k = √    c

>    pω ω

<    pω ω



Free electrons

Plasma acts like a high-pass filter

 log N vp lp

 (cm–3) (rad s–1)

 22 6 x 1015 330 nm

 18 6 x 1013 33 µm

 14 6 x 1011 3.3 mm

 10 6 x 109 0.33 m    
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Pulse dispersion

Let: and

and

and so:

traveling sine wave, with amplitude modulation.
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Pulse dispersion

speed of carrier (‘phase velocity’): 

speed of envelope (‘group velocity’): 
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Pulse dispersion

let’s practice a bit!

(please complete worksheet)
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Pulse dispersion

If no dispersion

group and phase velocities are the same:

and so the envelope and carrier travel together
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 normal dispersion

 no dispersion

 anomalous dispersion

y 2A cos 12(x k t ) sin (kx t)

ω

ndn
d

0

dn
d

0

dn
d

0



Pulse dispersion

Types of dispersion: 

 normal dispersion

 no dispersion

 anomalous dispersion

y 2A cos 12(x k t ) sin (kx t)

ω

ndn
d

0

dn
d

0

dn
d

0

vg vp

vg vp

vg vp



Pulse dispersion

medium causes pulse to stretch

      



Pulse dispersion

medium causes pulse to stretch

      

compensate by rearranging spectral components!
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Pulse dispersion compensation

Does path length difference compensate?

…so prism gives low frequency shorter path length!

Q
Q'

PP'



Pulse dispersion compensation

consider traveling Gaussian pulse again:

 
y(t) exp

(x vgt)2

2 t
2 sin (kx t)



Pulse dispersion compensation

consider traveling Gaussian pulse again:

 

Q: Can you tell if the medium is dispersive or not?

y(t) exp
(x vgt)2

2 t
2 sin (kx t)



Pulse dispersion compensation

consider traveling Gaussian pulse again:

 

Q: Can you tell if the medium is dispersive or not?

 1. Yes, it is dispersive

 2. No, it is not dispersive (pulse shape is constant)

 3. Cannot tell

y(t) exp
(x vgt)2

2 t
2 sin (kx t)
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consider traveling Gaussian pulse again:

 

Q: Can you tell if the medium is dispersive or not?

 1. Yes, it is dispersive

 2. No, it is not dispersive (pulse shape is constant)

 3. Cannot tell
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Pulse dispersion compensation

consider traveling Gaussian pulse again:

 

Q: Can you tell if the medium is dispersive or not?

A:  Cannot tell (the medium is dispersive if              )

…but Gaussian shape of pulse is constant!
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Pulse dispersion compensation

linear dispersion
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Pulse dispersion compensation

only nonlinear dispersion changes pulse shape!
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Linear optics:

Nonlinear polarization:
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Nonlinear optics

Nonlinear polarization can drive new field:

But even terms disappear in media with inversion symmetry!

Invert all vectors:

and so                             .
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Nonlinear optics

Consider oscillating electric field:

Second-order polarization:

Physical interpretation:

E(t) E ei t c.c.
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Can also cause frequency mixing! Let

Second-order polarization will contain terms with

2   1 (SHG), 2   2 (SHG),    1 +    2 (SFG),    1 –    2 (DFG)
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Second-order polarization will contain terms with

2   1 (SHG), 2   2 (SHG),    1 +    2 (SFG),    1 –    2 (DFG)
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Q: Silicon atoms are arranged in this way. Does bulk silicon gen-

erate second harmonic?

 1. Yes, silicon is not centrosymmetric (as the unit cell shows)

 2. No, the crystal as a whole is centrosymmetric

 3. No, any radiation at the second harmonic is absorbed

 4. Other
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Third-order polarization:

3 frequencies, 3 terms + c.c.: complicated! In general

Intensity dependent term at fundamental frequency:

and so

cos3 t 1
4 cos 3 t 3

4 cos t

P(3)(t) (3)E(t)E*(t)E(t) (3)I(t)E(t)

P P(1) P(3) ( (1) (3)I)E effE

n 1 eff  1 (1) 1
2 

(3)I

1 (1) 
no n2I≈
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Intensity-dependent index of refraction:

vv

v

high intensity
higher index

low intensity
normal index

“self phase modulation”

n no n2I
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Q: Sketch the time dependence of the frequency shift for a 
Gaussian pulse and determine which is true (assume n2 > 0):

 1. Leading edge is blue shifted, trailing edge red shifted

 2. Leading and trailing edge blue shifted, center red shifted

 3. Leading edge is red shifted, trailing edge blue shifted

 4. Leading and trailing edge red shifted, center blue shifted

 5. Other
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Intensity-dependent index of refraction:
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Nonlinear optics

but susceptibility is complex!

susceptibility real part imaginary part

linear refraction absorption

nonlinear SHG, SFG, DFG, THG,… multiphoton absorption

o I I2 …
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