Lecture 12: Introduction to
nonlinear optics 1.

Petr Kuzel

Propagation of strong optic signals (proper nonlinear effects)

» Second order effects
¥~ Three-wave mixing




Nonlinear polarization
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Intrinsic symmetry: X = Xi




Three-wave mixing

Coupling between two optical waves w, and w;:
E“(t)= Re{E‘*’l e“*’l‘} :;(E"’l e'e +(E‘*’l)De'i‘*’1‘):;(E‘*’l el +c.c.)
E“(t)= Re{E‘*’2 e“*’zt} = ; (E‘*’2 e'“?' +(E*2 )De'i‘*’zt): ; (E‘*’2 e'“2' + c.c.)
The total field:

E=E(t)+ E“’Z(t):l(E“’l e'l + E*2 ! +c.c.)




Nonlinear polarization for three
wave mixing

P, =x?EE =411X(2) (E(*)lel 2t | Eup p oy q2iant 4 ooy Eap ailw )
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If we take into account the dispersion, the susceptibility is weighted: X®(w,, w,)

The polarization P, , when introduced into the Maxwell equations, becomes
the source of the radiation at frequencies 2w, 2w,, W, + W, et W, — W,

It causes an energy transfer between the fundamental and the mixed spectral
components

Three wave mixing: two initial components (w, and w,) give raise to a third
one (w;)

A phase matching condition has to be fulfilled : at most one efficient energy
transfer channel is in general possible



Second harmonic generation (SHG)

Coupling between w and 2w — other spectral components are omitted:
E = Eoo(t)+ E2w(t):;(Ew eioot + EZw ei2wt +C.C.)

PaNL = ;Xi(ji) (Ejzm(Eﬁ”)Dei“’t +c.c.)
1 _
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The wave equation in the time domain then reads:
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Absorption can be taken into account in €; however, we neglect it here

The waves are supposed to propagate along z; their amplitudes do not
depend on x and y.



SHG: continued

E®(zt)= ; (Ej*’(z) gl (haz) 4 c.c.) EX(z,t)= ; (E 260(z) glPetkat) 4 c.c.)

The energy transfer between the two waves is assumed to be very small in
the scale of the wavelength:
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Coupled-wave equations
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Constant field approximation

The fundamental wave is supposed not to be depleted:

dEj® W, 2 ~i (2K —k5)
J - — 0 X(Jk% EE)EI(L)e 1\2K1 =Ko )Z
dz 2n,,,

Solution:

2 — 1Ak
E2°(z) = B - Ae'®




SHG solution
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Character of the solution depends critically on the value of Ak
Ak £0

Both waves do not propagate with the same phase velocity: they are not
constantly in phase, but become periodically out-of-phase. This leads to
a modulation of I, with the period (called coherence length):

4 | SR | S A
° Ak k,-2k,  2(n,,-n,)

Typically: n,,—n, = 1072 1, =100 pum. This is the maximum crystal
length that can efficiently participate to SHG.



Phase matching condition
Ak =0 O , = 2k, N2y =Ny

(x<2)
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All the crystal length participates efficiently to the generation

z (optical axis)

How to achieve the phase matching
condition: 6




Phase matching condition:

continued
EO-E interaction: 7 <°pticil axis)
Ak =0 [ k2(;),e = koo,o + kw,e N, 20 6 k

ne,Zw(e) = E (no,(o n ne,w(e))




Three-wave mixing: summary

General equations of three-wave mixing
w+w,+w, =0 (frequency transformation)
k,+k, +k, =0 (phase matching condition)

Sum and difference frequency generation (SFD, DFD):

eInput: two strong beams w; and w, W W, =W,
«Output: strong beam w, ky k; =kq
Parametric generation (amplification of weak beams):
Input: strong w, + weak w, Wy — 0y =W,
«QOutput: medium w, + medium w, ks —k; =k,

Up-conversion
eInput: strong w, + weak w, W+ W, =W,
«Output: weak w, ki +k; =Ky



Four-wave mixing

Third order effect:
Py R E i

Required conditions for the wavelength transformation:

S SRR
K, =k, +k, +k, K, +ks =k, +K,

etc.




Propagation in Kerr-like media

Degenerated case (one very strong optical beam):

P& = 3)((3)E°°E°°(E‘*’)D

Indices are omitted (i.e. the beam is linearly polarized and it is an
eigenmode of the medium

The beam propagated along z:
Ew(Z,t)= A(Zki(wt_kz)




Propagation in Kerr media:
continued

Remaining terms in the wave equation

dA:_i3 I-lo(JOX(;;)AZA
dz 21 & N

if X is real then

A=A ex i 3N (*)X(3) 2 7 aikz E“’(z,t) — A(Z)ei(wt—kz—klz)




Propagation in Kerr media

Self-phase modulation (ultrashort pulses)
refractive index is time dependent
phase of the pulse is modulation

creation of new frequency components (bandwidth broadening)

pulse shortening
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