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Propagation of EM wave through medium

Governed by wave equation
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Propagation of EM wave through medium

Governed by wave equation
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Solution: — = C = —¢
k \/ €L n
Where E — EO ei(kx_a)t)

In nonferromagnetic media uw = 1, and so n = Ve.

In dispersive media n = n (w).
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Propagation of EM wave through medium

In vacuum: A =
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Propagation of EM wave through medium
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Bound electrons
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Bound electrons

Electron on a string: Foinging = — M woX
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Fdamping . me')/E
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Bound electrons

Steady state: electron oscillates at driving frequency
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Bound electrons

Steady state: electron oscillates at driving frequency

. e 1
x(t) = x e ' X, = — > > —F,
m (0, — ) — iyw

Oscillating dipole

0= —ex)=C : E,e
& m (o2 — o) — iyw o
Polarization
P(r) = (N—ez)z J E() = e E(1)
m ) (0f — 0°) — iyw s



Bound electrons

Dielectric function
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Bound electrons

Dielectric function

Ne’ :
ew)=1+y, =1+ =S > ];] ;
e’ (0 — o) — iy

Q: For a single resonance, is the value of €(w) at high frequency
1. larger than,
2. the same as, or

3. smaller than the value at low frequency?
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Dielectric function
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Q: For a single resonance, is the value of €(w) at high frequency

3. smaller than the value at low frequency? ¢
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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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No binding: Finding = 0
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Free electrons

No binding: Finding = 0
Equation of moti 9% |y = _eE
. m— my—— —¢€
quation of motion 12 Y
: e 1
Solution: x(t) = ——— E(¢) (no resonance)

Low frequency (w << y) = current generated
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Free electrons

w>=>vy: ocomplex = Joutof phase with E

Dipole:

p() = —ex (1) = — T E(1)

Polarization:
Ne? 1

P(t) = —

Dielectric function:
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Free electrons

Ne? 1
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ew)=1+y,=1— = €' (w) + i€'(w)

Little damping: y=0 = € =0

NE 1 ;
d(w)=1-—"——=1--2
Me, w w

E E




Free electrons
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Free electrons

Plasma acts like a high-pass filter




Free electrons

Plasma acts like a high-pass filter
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Pulse dispersion

Consider two propagating waves:
y; = Asin (k;x — o) and  y, = Asin (k,x — wyt)

propagating at speeds

w w
U = k—l = iy,  and Uy = k_2 = [,
1 2

Superposition:

y = Alsin (kyx — wqt) + sin (kyx — w,t)]

sin @ + sin B = 2cos<a ; 'B)Sin(a ;— 'B>



Pulse dispersion
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Pulse dispersion
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Pulse dispersion

k1+k2 a)1—|— w» l‘:|
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2 ¥ 2
Let: kl_kZ = Ak and W~ W = Aw
k1+ kz . (1)1"_ (1)2 i
7 = k and > = W
and so:

y = 2A cos %(xAk — tAw) sin (kx — wt)

traveling sine wave, with amplitude modulation.



Pulse dispersion

y = 2A cos 5(xAk — tAw) sin (kx — wt)

At 1=0: y =2A cos%(xAk) sin (kx)
2Ay sin (kx)
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Pulse dispersion

y = 2A cos 5(xAk — tAw) sin (kx — wt)

At 1=0: y =2A cos%(xAk) sin (kx)
carrier
2Ay sin (kx)
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Pulse dispersion

y = 2A cos 5(xAk — tAw) sin (kx — wt)

At =0: y = 2A cos 3(xAk) sin (kx)
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Pulse dispersion

y = 2A cos 5(xAk — tAw) sin (kx — wt)

At =0: y = 2A cos 3(xAk) sin (kx)
envelope carrier

y cos%(xAk)
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Pulse dispersion

y = 2A cos %(xAk — tAw) sin (kx — wt)

speed of carrier (‘phase velocity’):

w
?)p:;:f/\

speed of envelope (‘group velocity’):

Aw  do

T Ak dk



Pulse dispersion

let’s practice a bit!

(please complete worksheet)



Pulse dispersion

For each wave, determine the wavevector k, the frequency w, and the propagation speed v:

k= ¢0 and k= e k
®
w, = 8.0 and w,= /.2
Wi _ W, 2T _adr
v,= = T A and b= T T Ay
k( .7 Aon |

Does the red get ahead of the blue or the other way around? Why?

Is the dispersion in the medium through which these waves propagate normal or anomalous? Why?




Pulse dispersion

What is the phase velocity of the superposition of y, and y,?

QN(.‘—WZ)/Z - 7«6 io{qg,

— mm—

B e, Yoo 8

What is the group velocity of the superposition of y, and y,?

\/3* il P 9..:%.. & T3

ki-ka 0.4

Do the crests of the carrier wave travel forward or backward through the envelope? Does your
prediction agree with your observation? B o
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Pulse dispersion

y = 2A cos %(xAk — tAw) sin (kx — wt)

. = (1)1 (1)2
If no dispersion v, = — = —
ki ks

group velocity:
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Pulse dispersion

y = 2A cos %(xAk — tAw) sin (kx — wt)

= = (1)1 (1)2
If no dispersion v, =—=—
ki Ky

group velocity:

_ Ao o—wy, _ wo/ki—o/k v, wy/k
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Pulse dispersion

y = 2A cos %(xAk — tAw) sin (kx — wt)

: : W )
If no dispersion U= =
ki Ky

group and phase velocities are the same:

Ve = )

and so the envelope and carrier travel together



Pulse dispersion

y = 2A cos %(xAk — tAw) sin (kx — wt)
Types of dispersion:

@ > (0 normal dispersion
dw
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— = (0 no dispersion
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Pulse dispersion

y = 2A cos 5(xAk — tAw) sin (kx — wt)

Types of dispersion:

dn : : n

o > (0 normal dispersion v, <V, N

dn di : N /\

P 0 no dispersion Ve

dn : . W}
— < (0 anomalous dispersion v, > v, W

dw



Pulse dispersion

medium causes pulse to stretch
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Pulse dispersion

medium causes pulse to stretch

—A— >

compensate by rearranging spectral components!
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How do these arrangements work?

(please complete worksheet)
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Does path length difference compensate?

grating gives low frequency longer path length!
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Does path length difference compensate?
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Pulse dispersion compensation

Does path length difference compensate?

.U /7

...S0 prism gives low frequency shorter path length!
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Pulse dispersion compensation

consider traveling Gaussian pulse again:

0y )2
y(t) = exp[— (x 2:§t) ]sin (kx — wt)

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

A: Cannot tell (the medium is dispersive if v, # % )



Pulse dispersion compensation

consider traveling Gaussian pulse again:

o
y(t) = exp[— & 2:§t) ]sin (kx — wt)

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

A: Cannot tell (the medium is dispersive if v, # % )

...but Gaussian shape of pulse is constant!
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linear dispersion



Pulse dispersion compensation

linear dispersion

do
— = constant
dw



Pulse dispersion compensation

only nonlinear dispersion changes pulse shape!

dqu
— * 0
dw?
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So not path length but matters!
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Pulse dispersion compensation

2
So not path length but % matters!
w
dl,g ¢
dw dw’
dispersion m -

gratings — -
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Linear optics:

P = xE
Nonlinear polarization:
P=yVE + YYE2 + Y9 + ...

and so:

P=pPO 4+ p2 1 pCILass

(1)
e X
PO~ P when E = E,~—,and so X" = o1 -
a at
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Nonlinear polarization can drive new field:
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Nonlinear polarization can drive new field:

azﬁ 4ar azﬁ
2
VE c* atz c’ o

But even terms disappear in media with inversion symmetry!

PO — (0. FF

Invert all vectors:
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Nonlinear optics

Nonlinear polarization can drive new field:

n* PE 4w 9P
c? or c? o

But even terms disappear in media with inversion symmetry!

PO = (0. EF

V2F +

Invert all vectors:

— P2 = X*(=E)(~ E)

andso @ = —y? = 0.
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Nonlinear optics

Consider oscillating electric field:
E(t) = E & + c.c.
Second-order polarization:

PA(t) = ¥PEX(r) = %X(Z)EE* + %[X(Z)Eze"z‘“t + c.c.]

Physical interpretation:
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Nonlinear optics

Can also cause frequency mixing! Let
E(r) = Eje™™ + Eye™'
Second-order polarization will contain terms with

2w, (SHG), 2w, (SHG), o, + o, (SFG), v, — v, (DFG)



Nonlinear optics

Can also cause frequency mixing! Let
E(t) = Eje 't + E,e i
Second-order polarization will contain terms with
2w, (SHG), 2w, (SHG), w, + w, (SFG), o, — w, (DFG)

Physical interpretation:
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Linear response: P = XE
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
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Nonlinear response: P? = D E?
E
A E
I > [
T n 3 27 ST
2 2 2
E=0 E E=0 E E=0 E
° — ° - ° —
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Nonlinear response: P®? =, F?

T e 3 2% Sl
2 2 2

E=0 E E=0 E E=0 E
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Nonlinear response: P? = D E?
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Nonlinear optics

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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Q: Silicon atoms are arranged in this way. Does bulk silicon gen-

erate second harmonic?

2. No, the crystal as a whole is centrosymmetric v
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Third-order polarization: P9 (1) = YO E(r)

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

cos’wt = 3 cos 3wt + 3 cos wt

Intensity dependent term at fundamental frequency:
PO(1) = XVEME (1) E(t) = XPI()E(1)

and so P=PD 4+ PO = OV + ONE = y4FE
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Intensity-dependent index of refraction:
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Intensity-dependent index of refraction:
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Intensity-dependent index of refraction:

n=n,+ n,l

= “self phase modulation”
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Phase: A el b = TW L(n, + n)



Nonlinear optics

& nL 2
Phase: Skt =2 I(n, +nl
ase L2 b==" Lin, + nal)
dé
Frequency change: Aw = —

dt



Nonlinear optics

& nL 2
Phase: — = — = — +
d
Frequency change: Aw = — jcf

Q: Sketch the time dependence of the frequency shift for a
Gaussian pulse and determine which is true (assume 7, > 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



Nonlinear optics

& nL 2
Phase: = — = — +
d
Frequency change: Aw = — ch

Q: Sketch the time dependence of the frequency shift for a
Gaussian pulse and determine which is true (assume 7, > 0):

3. Leading edge is red shifted, trailing edge blue shifted v
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& nL o
Phase: = == =2 L(n +nl
ase A ¢=- (n, + nyl)
d¢ 27 dl
Frequency change: Aw = — L
1 Aw blue
0 0 shift
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Intensity-dependent index of refraction:

n=n,+ n,l
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Intensity-dependent index of refraction:

n=n,+ n,l
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self-focusing




Nonlinear optics

but susceptibility is complex!

susceptibility real part Imaginary part

linear refraction absorption

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

a=a, + Bl + yI*+ ...
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