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¢ Introduction to OPTICS in NONLINEAR
REGIME

e Which applications ?

e Physical origin of the
nonlinearities ?
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Optics in nonlinear regime ?

¢ Introduction to OPTICS in NONLINEAR
REGIME
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Introduction to Nonlinear Optics

* Response of a material subject to an incident EM wave at w

Optical
Material

?WLW 1“11

Polarisation

Induced dipole = « macroscopic »

source term

AW -
Average
[

time E time

time

LINEAR REGIME
E(t) = Acos(wt — k2) > P(t) ox RV cos(wt — k=)

LINEAR RESPONSE of the material

WHAT HAPPENS WHEN increasing the MAGNITUDE of electric
field amplitude ?
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Introduction to Nonlinear Optics

- Case of a NONLINEAR MEDIUM :

The nonlinear response of the medium can be expressed as

P(1) =g, xVE()+egx VEWE(t) +&,x VE(D)E(1)E(t)

=g, xVE(t) + e, PE* (1) + e, x VE (1) +---

Linear 2nd Order + 3rd Order
response Nonlinear Response

(we have assumed that the medium have an instantaneous
response - Case of a lossless and a dispersionless medium ) :

IMPORTANT COMMENT : Nonlinear interactions are
governed by the magnitude of the electric fields
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Introduction to Nonlinear Optics

- — )
- Case of a NONLINEAR MEDIUM

The nonlinear response of the medium can be expressed as

P(t) =eoxE(t)+e,x PE)E(t) +eox VE(DE(HE(?)
=eox VE() +egx PE () + e VE (1) + -+

Linear 2nd Order + 3rd Order
response Nonlinear Response
Considering a z propagative EM wave @ ®
E(t) = Acos(wt + kz)
1st Order 2nd Order

P(1) & x P A% cos?(wt + kz)?
P(1) < " Acos(@t + kz) () x " ( ) "
o x' P A% cos(2wt +2kz) + x P A

4 Source term @ @)
Source term @ 2w 11!
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Introduction to Nonlinear Optics

- Case of a NONLINEAR MEDIUM

The nonlinear response of the medium can be expressed as :

P(1) =g, xVE()+egx VEWE(t) +&,x VE(D)E(1)E(t)

=g, xVE(t) + e, PE* (1) + e, x VE (1) +---

Linear 2nd Order + 3rd Order
response Nonlinear Response

/ Considering a z propagative EM wave @ o

E(1) = Acos(wt +kz) 3rd Order
P(1) = x" Acos(@i+ kz) o DA’ cos(B@r + 3kz) + x P A A cos(@t + kz) +- -
4 Source term @ @ Source term @ 3@ l
. . . Source term @ @
Third harmonic generation .
Optical Kerr effect
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Example : Optical Kerr Effect

v’ Variation of the refractive index
P(t) =g, xVE(t)+e,xVE (1)
Case of a lossless medium
P(t)y=P,(t)+ P, (1) x X(l)A cos(wt + kz) + X(3)A2A cos(wt + kz)
P(f) = (X(l) + X(3)A2)Acos(a)t +kz) NONLINEAR Regime
P | x| \ Acos(wr+kz) LINEAR Regime
Directly related to the «~
refractive index
Considering a z propagative v Kerr effect induces a variation of the
wave @ refractive index directly proportional to the

E(1) = Acos(wt + kz) wave intensity.
I < A2 Wave intensity
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Field notation

We assume that the electric field vector can be expressed as a plane wave
(or as a projection of plane waves, i.e through a Fourier transformation) :

Ei(w)
E(t) = )el(= wi+k-1) + E*(w)e —u(~wt+kT)  with ; E(w)=|Ejw)
(t)= )et(= witk- r@+ ole Ep(w)
Notation :
L’Purely REAL quantity / oraton
E(w) = E(-w)
Polarization state

Similarly for the macroscopic polarization :

P(t) = P(w)ez(—wHk'?‘)e + p*(w)e—z(—wt+k-r)e

-

Purely REAL quantity Notation :
P*(w) = P(—w)
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Optics in nonlinear regime ?

e Which applications ?
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Second Harmonic Generation

o

Optical Parametric Fluorescence & Amplification
Optical source with a wide frequency tunability

(2) | mgh Application: Green Laser Pointer
20

1<
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Credit Photo: Institut d’Optique Institut d'Optique Graduate School

Optical Parametric Oscillator
Optical source with broad wavelength tunability

Pump laser Ol H

HUBNER

N\

Signal Z Idler

\\

AN

i i i i i i i i
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.

Wavelength [nm]

https://www.hubner-photonics.com — k .
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Optical Parametric Fluoresence effect
Source of polarization entangled state pairs of photons

Quantum Optics

Experiment to
test the violation
of the Bell’s
inequalities
(Labwork @
I0GS)

o

Alain Aspect
Nobel Prize in Physics 2022

Generation of photon pairs in
the superposition state :

|Wopn) = ji ([Vi)|Vir) + eio| H,)| iy )
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Supercontinuum Generation

. : : : Raman scattering in a
in nonlinear optical fibers

hollow-core photonic crystal
fibre filled with liquid or gas

Optical Kerr Effect
Refractive index variation a Optical Intensity

All-optical swithing in a sesssss Hollow-core
pcavity with pump 70 oo fibre
energy of 10 fJ |

/ S\gra\
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Optical solitons

propagation of a wave packet (pulse or spatial beam) through a pure Kerr
medium = refractive index variation proportional to the wave intensity.
= Optical Kerr lens effect (in time or space) !!

Intensity’
Linear regime == Self-focusing Solion effect
L ‘ _
g ( 8 8 -
2 - 3 3
"Q ) (N
: O | .5 .5 .
13 £ £g
z = ; 2 = § i~ j
Distance Distance Distance
propagation of the wave packet
WITHOUT any deformation
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3rd order nonlinear interactions

Optical solitons

propagation of a wave packet (pulse or spatial beam) through a pure Kerr
medium = refractive index variation proportional to the wave intensity.
= Optical Kerr lens effect (in time or space) !!

Solion effect

Time or Space

Norm.

Distance

O

propagation of the wave packet
Mascaret waves on the Gironde estuary WITHOUT any deformation

Droits d'auteur : Guillaume Bonnaud@Sudouest
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3rd order nonlinear interactions

. o A Wavelength (nm)
Generatlon of optlcal Frequency 20 2300 2000 1750 1?50 *1350 1200 1100 1000
Combs in nonlinear micro-cavities g ]

140 160 180 Z‘Ogrequeni%’O(THz) 24;0 2£Ii0 28‘0 30‘0 .

A )
Tunable | Optical Microresonator Photodiode | -
cw-laser [ | amplifier @ £ £

Microwave beat note
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=
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> D
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- w x@ \ gh i
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d \_/ l
2 N g
Slrry v e -
14 [ I I | I | 11 Slllca Silicon nitride Silica Crystallme
U IO | | Y
'f0'<— pump Frequency Fig. 3. M1croresonator based frequency combs. (A) Spectrum of an octave-spanning frequency comb
d using a silica mic (24). (B) An optical frequency comb generated using a
crystalline CaF; resonator with a mode spacing of 25 GHZ 7). Opn(al spectrum covering two-thirds of
an octave (with a mode spacing of 204 GHz) i using an i SiN (31). (D) Ex-
perimental systems in which frequency combs have been generated (from left to right): Slhca waveguldes on

a chip (Hydex glass) (32), chip-based silicon nitride (SiN) ring (30) and g
toroidal microresonators (24) on a silicon chip, and ultrahigh Q millimeter-scale crystalline resonators (27)

Applications :

Astronomy Spectroscopy ~ Waveform

] Optical clocks Telecommunication
generation

From Kippenberg, Science (2011)
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e Physical origin of the
nonlinearities ?
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e First descriptions
— Expression of the macroscopic polarization in terms of
a power series in the field strength :

P(t) = x1&(t) + x2EME(L) + x3E()E(H)E(t) +

— Origin of the nonlinearities : classical anharmonic
oscillator (classical model)
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Induced dipole and macroscopic
polarization e~

v Microscopic scale

A simplistic description of the interaction between a wave and an atom :

o Electronic cloud (charge - )

- Simplistic model for an atom = .\
ﬁ Nucleus (charge +)

- An applied static electric field acts on the electrons frajectories

Change in position of the center of
mass of the electrons

F = q(E +V % B)
Lorentz Force
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Induced dipole and macroscopic
_ polarization —_

The magnetic part of the Lorentz force is negligible

- With an applied EM fiels = temporal deformation of the electronic cloud

p=qxAx(1)
Sy, (T 5 o
time time

Induced Dipole

- LINEAR MEDIUM case made of N atoms (N identical dipoles)

LINEAR Polarisation

Material Induced dipole = ( MACroscopic »

source ferm

~ A ~
e[ SRR ) e #
time 5| MWW time
time
E(t) = Acos(wt — kz) > P(t) < RY cos(wt — kz)
-
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Classical harmonic oscillator model

e Classical anharmonic oscillator - Description
Electron Electronic cloud
e [ (AN 5 | Mo
tfime time
Induced Dipole
Nucleus (fixed)
Induced dipole (microscopic quantity) :  p(z,t) = —ex(2,t)x
Xx(z,t) ?7?
Polarization (MACROscopic quantity) 1 P(z,t) = Np(z,t)
e Equation of motion
Az dx —e
2
—_— + 00— + WHT = —x-&(2,1
dt? dt = ° m (2,%)
Damping term Restoring force Driven Coulomb force
INSTITUT _~/,
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Linear polarization

Harmonic oscillator : equation of motion
A’z dx —e
2., —(wt—kz) o +z(wt—kz)]
— t+a—twijr = — [A(w)e A(—w)e x-x
dt? + dt + o m [ () +A(-w)

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Driven solution 21 (2,t) = a(w)e—z(wt—kz) + a(_w)e+z(wt—kz)

induced dipole  p1(z,t) = e (w)A(w)e @) g 4 CC

Linear polarizability (1) _ & 9 9
(microscopic quantity) ar’ = mD(w) D(w) = wj —w* — 10w

Macroscopic Polarization Linaey suscanilbili

—Ae
P (2,t) = eoxV(w)E(w)e™™* + CC.
INSTITUT z
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Linear polarization

Harmonic oscillator : equation of motion
A’z dx —e
- ta—+ wiz = — [A(w)e_’(“’t_kz) it A(—w)e“(“’t_kz)] x-x

Linear Susceptibility

—— Real part —— Imaginary part

10}

\ |
v/

Dispersion Absorption
(or amplification)

Lorentzian line shape

o
=}
T

Lin. Susceptibility

_0.5 7\ L L L L
-10 -5 0 5 10

/ 2(wo-w)a
LNOSP.I;IILLlJJL — N. Dubreuil - NONLINEAR OPTICS
Classical anharmonic oscillator model
e Classical anharmonic oscillator - Description
Electron Electronic cloud
E [ MW 5 |
time “hime
Induced Dipole
Nucleus (fixed)
Induced dipole (microscopic quantity) :  p(z,t) = —ex(2,t)x
X(z,t) ??
Polarization (MACROscopic quantity) 1 P(z,t) = Np(z,t)
e Equation of motion
d?x dx —e
ta—F+wlr+ B2+ 4+ o= —x - E(2.t
az g et T 7 m (2,%)
INSTITUT z
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Classical anharmonic oscillator model

e Equation of motion
%z dx —e
2 2 3
_+a_+wx+ 1'+ $+...=_m.£zt
g g T T Y L
Damping term Restoring force Driven Coulomb force

Solution : perturbation method, taking into account ng > 5:162 > ’)/383

r = AW + A2z + A32(3) 4+

2 > ) > ()
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2nd Order Nonlinear Polarization

Anharmonic oscillator : equation of motion
d’z dx 2 5 —€
p7) +aa + wpz + Bzt = Wm-g(z,t)
Driven solution  z(z,t) = AzM (2,8) + XN22®) (2,t) + - - -
d2.(2) dr(? 5 2
(2) — _ (1)
az TYTg Tt B(x )
x(2) (Z, t) _ b(O) + b(2w)e—2z(wt—kz) + b(_zw)e+2z(wt—kz)
( 2 2
b(0) = 2_2ﬁ ) With :
_—) m D(O)D(w)g(;w) D(w) = w§ — w? — iaw
—Be“A*(£
b(+2w) = — fe A (+w)
\ m?D(+2w)D(+w)D(f+w)

\
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2nd Order Nonlinear Polarization

Anharmonic oscillator : equation of motion

P(zt) = PY(2t)+PP(21)
P2 (0) + PO(w)e ™t + P@(2w)e=2t 4+ CC.

Optical RECTIFICATION
(induces static electric field)
P2 (0) = 2¢0x? (w, —w)E(w)E(—w)x
2nd Harmonic Generation
creation of an electric field with

P(Q) (2w) — GOX(Q) (w,w)E(w)E(w)az a 2o frequency component
Na®(w,
2nd order Nonlinear Suscepfibility X(Q)(wl,wz) = éwl ws)
0
Be?

o' (wy,ws) = m2D(w; + wa2)D(w1)D(ws)
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2nd Order Nonlinear Polarization

Anharmonic oscillator : equation of motion
Conclusion & Comments
* The macroscopic polarization induced inside the material is then given
by the sum : P(z,t) = PW(zt)+ P (z,1)
P(2) (0) + P(l) (w)e—z(wt—kz) + P(2) (2w)6—21(wt—kz) +CC.
With:  P2)(0) = 2¢9x? (w, —w) E(w)E(—w)x:

(Complex amplitudes)
P(Q)(Qw) = eox? (w,w)E(w)E(w)x

Ne’p With ;_®3 = @1+ @2
eom?2D (w3)D(w1)D(w5) D(w) = wi — w? — iaw

X(Z)(w3; w1, W) =

* For non-resonant interactions (v < wg) = )((2) is real and independent of the frequency

* On the other hand, strong enhancement of the nonlinear susceptibility is expected once
w or 2w (or both) is close to a material transition (@w;) (but with detrimental additional
absorption)

* Phase mismatching between the polarization component @ 2w and the free
propagative wave @ 2w = wavevector related to P(2w) # wavevector of E(2w)

INSTITUT _‘4 Zk(w) a k(zw)
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3rd Order Nonlinear Polarization

Anharmonic oscillator : equation of motion Case of a centro-
d2 d symmetric material
—';: ta— + wiz + 42 = . E(z,1)
dt dt m

Driven solution

z(z,t) = AxW (2, 1) + X223 (2, 8) + X32B) (2, 1) m 2 =0

Linear and Nonlinear Polarization

P(zt) = P (2,t) + 'P(s)(z’ t) 3rd Harmonic
_ P(w)e_wt + P(3w)e_3'wt +CC generafion
P® (3w) = eox® (w, w,w) E(w)E(w)E(w)x Optical Kerr

4 Effect

PP (w) = 3e0x® (w, —w,w) E(w)E(—w)E(w)x —

T eom3D(w1 + we + w3)D(w1)D(w2)D(ws3)
INSTITUT i
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3rd Order Nonlinear Polarization

Conclusion & Comments
* The macroscopic polarization induced inside the material is then given by the sum :
P(zt) = PY(zt)+ PO (z,1)
= P(0) + P(w)e @7k 4 p(3w)e3wi=F2) O,

With: P®)(30) = (3) E(W)E(WE
! (Bw) = eox ™V (w, w, W) E(w) E(w) E(w)z (Complex amplitudes)

P®(w) = 3x®) (v, —w,w)E(w)E(—w)E(w)x
— N~et
eom3D(w1 + wo + w3)D(w1)D(w2)D(ws3)

X(3)(w1,w2,w3) = D(w) = wi —w? — 10w

* For non-resonant interactions (w < w)
= X(3) is real and independent of the frequency

* Strong enhancement of the nonlinear susceptibility is expected once w or 3w (or
both) is close to a material transition (@w,)

* Phase mismatching between the polarization component @ 3w and the free
propagative wave @ 3w :  3k(w) # k(3w)
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