NONLINEAR OPTICS

Ch. 5 3rd ORDER NONLINEA
I. Optical Kerr Effect : self-focu

Shrodinger equation, self-phase me

solitons

ll. Four-wave Mixing

lll. Raman Scattering : spontaneous
Raman scattering, Raman amp
laser

IV. Brillouin Scattering : s

Brillouin scattering

Interaction between 4 waves at w, ®, w; o,
With: o, =w, +w, + w,

P, (w,)= D(3)80)=((3)((1)4 J00,,00,,00,)8,6,8, E(w,) E(w,) E(w,)

o Generation of UV light source

hiw, ¢
O m—p _: } hw
(0, w— (3) ho, 4
0 ==—=3 X W, =W, +0,+w0 1
ﬁ 4 — W 2 3 h(l)l i

Creation of one photon at w,4, by means of the simultaneous annihilation of
one photon at w4, one photon at w, and one photon at w;

— —

Phase matching condition to be fullfiled : &, =k, + 122 + l%
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Il - Four-wave Mixing

Generation of IR light source

ho, 2
th hw4 1
hw, v ho,
W, =0, + 0, + w0,

ky =k +k,+k,

k,+k,=k +k,
Annihilation of one photon at wy,
accompanied by the simultaneous
creation of three photons, resp. at
W4, Wo and W3
_~
LchpTrlugﬂ N. Dubreuil - NONLINEAR OPTICS
Il - Four-wave Mixing
* Degenerate FWM hoo
The annihilation of simultaneously two pump photons leads ha, I
to the creation of one signal photon and one idler photon ha, I hao,
iy + ey = Fws + i  AB =28, — B, — 5 LI S
Nonlinear polarization terms @ ws Py} (ws) = 3eox® E(wp) E(wp) E(—w;)
@ @i PR} (w) = 3e0x®) B(wp) Blwp) B(—ws)
Energy transfer from the pump to
sideband frequencies
/’\/\ Blw) = ﬁ0+ﬁ1Aw+%Aw2+-~-
] | W Phase matching term : [Aﬁ ~ — 3,2 ]
w; Wp Ws - f
Q Q Second order
dispersion coef.
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Il - Four-wave Mixing

* Degenerate FWM
A more extensive analysis shows that the phase matching ]
condition is modified by the refractive index change induced o,
by the optical Kerr effect
=> Details : lecture notes §5.3.2
p ﬁp
. . Phase matching condition > >
Parametric gain spectrum — <
' ' ' 2yp, i Bs
Kerr effect

=» For n,>0, amplification in the anomalous
dispersion regime B2<0 v >0

- Qmax/\/§ ﬂ

Phase matching . 9
[ condition A = |B2|2" = 2vFy ]

-20 -10 0 0 20
o (freq. detunin
P, Amplification factor

Qnaz = Bo] | Gmax(2) ~1+ sinh®(yP,z) = 1 + sinh®(®y7(2)

N. Dubreuil - NONLINEAR OPTICS

g (parametric gain)

\
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Il - Four-wave Mixing

* Degenerate FWM
=» Optical Parametric Fluorescence Effect

-20 7
] Increasing power
-30 7
% -40
=3 ]
5 -50
2 1
@) ]
X -60
-70
-80 IIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII|IIII|IIII
820 830 840 850 860 870
From Margaux Barbier, LCF I0GS Wavelength (nm)
PhD manuscript (2014) . .
=? spontaneous generation of signal and
idler photons : application in quantum
optics (generation of photon pairs)
|NST|TUT£
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Il - Four-wave Mixing

* Degenerate FWM =? Modulation instability

Standard model to describe the energy transfer between a
CW pump and fluctuations (treated as perturbations)

Nonlinear propagation of the following wave (CW + noise) :
>

=y}
w(z, T) = ug(2) + u1(2)e™ T + ug(z)etT = S
Tl T Time
Side bands \
A
| | W
w; Wp Ws -

=» For n,>0 and in the anomalous dispersion regime, an
amplification of the intensity fluctuations is expected
‘(/as illustrated by the following simulations)
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Il - Four-wave Mixing

[ —
Modulation Instabilities
Evolution of a quasi-CW pulse through a 3™ order nonlinear waveguide
By >0ety >0 P <0ety >0
Intensity Spectrum Intensity Spectrum
s 1024 8 101 1
% % 1074 :a %_ 10-5
£ & 107 & L_m & 10
0.0 10 | 1
z=0 — z=0.00m 10 z=0 — z=0.00m z=0 — z=0.00m 107114 z=0 —— z=0.00m
-0.5 -2
le—-10 lel3 le-10 lel3
-1.0 -0.5 0. 1.0 -2 0 2 -1.0 -0.5 0.0 0.5 1.0 -2 0 2

o

6 6 6
£ £ £ £
v 4 g 4 v 4 o 4
g I+ I+ g
5 5 5 5
B2 b2 B2 o2
o o o o

0 0 . 0 0 .

Pulsation, rad/s Time, s Pulsation, rad/s
0.0 0.5 1.0 1074 1072 10° 102 0 2 4 6 10° 107 107! 10!
A=1.50e-06 m B,=1.00e-24 s/m n,=1.00e-19 m2/W T1;=2.00e-12s N=2.00 A=1.50e-06 m B,=-1.00e-24 s?/m  n,=1.00e-19 m2/W T(;=2.00e-12s N=2.00

From, M. Dyatlov, LP2N - IOGS
=» Depending on the dispersion regime,

nonlinear propagation can lead to
modaulation instability in intensities
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Il - Four-wave Mixing

B ]
Modulation Instabilities in microcavities
x10
3 0
N 2 -100
£ 1 200
S
g -300
g -1
= -2 -400
H -3 -500
Intracavity spectrum ]
evolution with the S tl;:)"?wmb;rzoo 2000
i 14
round trip numbers x10 .
& 0
p 2 50
=» The modulation instability s 100
can lead to the generation of a g:’ 150
periodic frequency comb £, -200
) -250
= -300
i 500 1000 1500 2000

Round trip numbers
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Frequency Comb Generation in nonlinear
uresonators — Numerical simulations

Pul?;%anoe moyenne intra cavité selon variation adiabatique du detuning

Microresonator Phot

t,_l_,Ouuumu»

N
3

O

Puissance moyenne intra cavité en W
-
o

| Intracavity Power dynamics Intracavity Optical Spectra
H B 81512= -1 81512= -1
Oy il N
1071 1 -50
i G . oo
1 -1 -0.5 0 05 1 500 0 500
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i 6 . 6/512= 0.35 o 8/512= 0.35
e 0 bl AN
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Generation of a Frequency comb in a /
-2

4 0 12 14 . microresonator pumped by a CW laser
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Il - Four-wave Mixing
* Generation of optical Frequency

Combs in nonlinear micro-

ere A _
cavities [Tunable l I Optical i Microresonator Phott')_ihode

cw-laser amplifier ==

Microwave beat note

FWM:
Degenerate (1)  Non-degenerate (2) (1)
5 AR
3 foo¥ ¥
C
]
E]
8
)
3li v |'iii
o
11 I I | (|
i | lidii,
st Ak

foh— Vpump Frequency
From Kippenberg, Science (2011)
Frequency comb generation in a CW pumped nonlinear
Mcavity
=» Parametric Frequency conversion
- Degenerate FWM

- Followed by non-degenerate FWM
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Il - Four-wave Mixing

_— )
. . A Wavelength (nm)
° Generatlon of Optlcal Frequency 20 2300 2000 1750 1750 1350 1200 1100 1000
_ =% 160 TH: i
b . I . . 5 0 850 GHz z
Combs in nonlinear micro- 2w 1
H
cavities ’
-60 . L 1 L 1 L L 1
140 160 180 200 220 240 260 280 300
Frequency (THz)
A
Tunable || Optical Microresonator Ghotodicds B , CA
cw-laser | | amplifier @ Ew g
£ -
t 3 30 2
i—‘ T 40 é E
Microwave beat note 2 :23 @ -
B 70 st . h
Non-degenerate 1500 1520 1540 1560 1580 1600 1350 1450 1550 1650 1750 1850 1950 2050 2150
D Wavelength (nm) Wavelength (nm)
SiO,, “ X 5
- Hydes rﬂwgh /7 S sty S
3
3 — J L/ l
g o ' A oum um_
HERIEEERERE i.ii - —
T : . ‘ 1 Silica Silicon nitride Silica Crystallme
-l -] AL
- 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
Ap pI ICatI 0 n S . a chip (Hydex glass) (32), chip-based silicon nitride (SiN) ring (30) and i

toroidal microresonators (24) on a silicon chip, and ultrahigh Q millimeter-scale crystalline resonators (27)

Astronomy Spectroscopy  Waveform Optical clocks Telecommunication

generation o Ay
(I @ b
-

‘ From Kippenberg, Science (2011)
i
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Il - Four-wave Mixing

. Generatlon of optical Frequency
Combs in nonlinear micro- j—llL

MUX fi fn

Photonic
wire bond

Silicon photonics
transmitter chip

Nonlinear SiN
-V microresonator

pump laser (this work)

Optical power

Joerg Pfeifle et al., Coherent terabit communications with
opt,ca| frequency microresonator Kerr frequency combs
NATURE PHOTONICS | VOL 8 | MAY 2014

b (1) FWM
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Il - Four-Wave Mixing

Phase Conjugatlon by Degenerate Four-Wave Mixing
EP] - Y z
. (3) ............. E,,
E, o Xk D a—
EConjugate € P L(w) SOX ((U , w)APlAP2

Generation of a conjugate wavefront
Automatic phase-matching with the conjugate wave
Reflection on a Mirror Reflection on a Phase Conjugate
Mirror (PCM)

— “«—— gij j — T — -«

N. Dubreuil - NONLINEAR OPTICS
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NONLINEAR OPIIC

Ch. 5 3rd ORDER NONLINEA
l. Optical Kerr Effect : self-focusin

Shrodinger equation, self-phase  “ |

solitons
ll. Four-wave Mixing |
lll. Raman Scattering : spontaneous
Raman scattering, Raman amplifi
laser |
IV. Brillouin Scattering : s

Brillouin scattering

Raman Scattering

 Spontaneous Raman Scattering

‘\'\Tl‘/

Gas, I|qU|d soI|

2]

- q(t)jf 1T
TN

Pump Rayleigh peak

Anti-Stokes Raman peaks

\ N\
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e Raman spectra of various liquids

Water

T
4000 a000

WATER
SDBSNO = 4544 Hz0
3430 92
3423 a4
3405 35
339 a¢
3%/2 90
3330 89
3308 a8
3227 82
Han

T
1600
HAVENUNBER1 <1

RH-01-00034 :

4880R.200H.LIOUID

Ethanol

T
4000 3000

ETHYL ALCOHOL

SDBSNG = 1300 CoHg0
2973 45
2927 95
2576 57
1as5 22
1097 18
1063 15
864 55
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Benzene

L
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3063 14
995 L
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000 2000
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Acetone

4000
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3000 2000

Laboratoire Charles Fabry de I'Institut d’Optique Equipe ELSA
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e Raman scattering in a silica based optical fibre

Output Optical Spectrum

||

Aoump  Ast Az Ags ...
532 nm

Cascaded Raman Effect

Crédit Photo : T. Claude, A. Volte (2015)
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e Raman scattering in a
hollow-core photonic
crystal fibre filled with

ETHANOL
(Sylvie LEBRUN, LCF)

NN Y'Y YN Y Y Y
3

Photo : Univ. Bath
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lll - Raman Scattering

e Spontaneous Raman Scattering - Microscopic origin

q(t) /I\/Iolecule vibration
q - Q() ql COS wv

Polarizability of the molecule o =0 + ( ) q- %

Incident monochromatic wave : E = E cos(wt)
Induced dipole: p=a E (« : polarizability of the molecule)
__________ / \ Shlfted components
plw) plo+w,) plo-w,) \
AntiStokes Stokes I ‘ | I 1| ,

Oyn of the process : polarizability fluctuations
INSTITUT —/—
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lll - Raman Scattering

e Raman Scattering - Energy level diagrams
Anti-Stokes component

Stokes component
P Ws Wps 2] Energy
- “optical” phonon
/b> Vibrational mode of the *~ | .
a,, v Ny Population
/a> ————— molecules /a> ———
Raman Stokes scattering : /
In|t|allstate for the medium = \a> . . Boltzmann distribution
Creation of one Stokes photon wg is accompanied by "
the annihilation of one photon @, : exp <_ l“““b)
Final state for the medium = \b> : kT

Since Tfwgp > kT
Raman anti-Stokes scattering :
Initial state for the medium = \b>
Creation of one anti-Stokes photon @,s is
accompanied by the annihilation of one photon @,
Final state for the medium = \a>

INSTITUT /_, .
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Stokes scattering is
predominant
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Ill - Raman Scattering

o Stimulated Raman scattering - Classical behavior
Molecules in vibration

jj(/ Dy| —p Wps =0 % 0,

_’/};1 :_,a;L

T | — os=oa

o) / .;», s | o * The beating between the wave components @,
— f’ /| — and os strengthens (drives) a collective and

— Jff;fﬁ(’ —_— coherent vibration of the molecules @ o,

@s os » Consequence : amplification of the signal @ ws

Energy required to drive the dipole oscillation: 1}/ = l(p(z,t).E(z,t»

Pp=aE = 7= %a<E2(z,t)>

Time average

INSTITUT i
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Ill - Raman Scattering

o Stimulated Raman scattering - Classical behavior
Driven force applied onto the oscillator : AW 1 dov

= — _———
dq 2 dq
E = Epcoswyt+ Egcoswst

(E?(2,1))
Applied fields :

Equation of motion of a classical harmonic oscillator :

dgq dq 2 F(t)
P i

E(Z,t) :ALez’(ksz—th +ASei(ksz—wst+Cc

d? d 1d ,
m dq

dt? dt
K=k — kg
) =wr —ws

INSTITUT i
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lll - Raman Scattering

o Stimulated Raman scattering - Classical behavior
d2q dq 2 1 da % i(Kz—Qt)
W—}—Q’}/%—FWUQ— Ed_q[ALASe —I—CC]

Driven solution of the form ¢ = ¢(Q)e" 5=~ 4 CC

£ (3) 0
w2 — 02 — 20y

solution Q(Q) =

Expression of the macroscopic polarization
dov

P(zt) = Na(z,t)E(z,t) = N|ag + (d_q> q(z,t)E(z,t)

da

Pyp(zt) =N (d—q> [q(Q)e'F7) 4 OO [Ape'Frment 4 Agelthszmest 4 o)

3 .
Pnr(wg) = eox%)(ws;wL, —wrws)|AL]? Agets*

INSTITUT i
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lll - Raman Scattering

o Stimulated Raman scattering - Classical behavior

3 .
Pnr(wg) = ‘Goxgq)(ws;wL, —wrws)|AL]* Agets*

2
N do
X(3)(w5) _ €0 (d_q)
R w2 — (wp, —wg)? + 2i(wp, — ws)y

Susceptibility expression shows that in a resonance case i.e. o, = @, - @g

Xg)(ws) = negative imaginary

INSTITUT i
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Ill - Raman Scattering

o Stimulated Raman scattering

Nonlinear polarization calculation @ ws (@,s) et @, solving the
equation of motion of a classical harmonic oscillator :

Py (wg)= & X3 (050, -0, ,a)S)\AL\zAS e'*s?
Pu(w,)= & Xi (0,04~ ’wL)‘ASfAL et
Susceptibility expression shows that in a resonance case i.e. o, = @, - @g
Dwg)= XP(w,) = negative imaginary

Coupled equations :

aaﬁ = g.|A,[ Ay Stokes wave amplification
z
0A, Pump wave depletion

__w, 2 3w
oz o gR‘AS‘ A with g = s XS)((US)
s 2nc

INSTITUT *-/_, .
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Ill - Raman Scattering

e Raman amplification :

2 .
aps _ —a P + V_RPLPS with Vg = 2 Sk Raman Gain of the
dz Ay €&  medium in m.W-'
dP,
d_zL =—a, P, - X—RP L Aeff : effective mode area
& of the optical fiber

Solution in the undepleted pump approximation

P()=P0)e™ oN.OFF” Gain

f_%
XR P, (0)L,y 1
P,(2) = P,(0) e &7 Avee Ly =——(1-e)
\ & S . L
v Effective length
Net Gain

INSTITUT ~/_’ .
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lll - Raman Scattering

Example : Raman scattering in silica fiber

w, =13 THz Spontaneous Raman Scattering spectra

for various doped silica

---- DCF
1.5} RS 13
Ds —— NZDF K | 30
L — . i
E Ar ,’Il I“ 42, IJO
, % s g
E ‘ 115 =
o ,"' ‘\ =
%) . 3
Das 2/
pump-signal frequency difference [THz]
a)V
U Bromage, JLT 22, 79-93 (2004)
INSTITUT —/—
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lll - Raman Scattering

* Raman amplification :

Raman gain amplification
Stimulated Raman g P
Structure scattering
Standard optical fiber

ﬁ_()_,mi -

Pump Laser diode
@ 1450 nm

SMF28
Slope = 27.2 dB/W

0.0 0.2 0.4 0.6 0.8 1.0 1e
Pump power (W)
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Ill - Raman Scattering

* Raman amplification :

Raman fiber amplification

Gain Raman pour Ppompe = 0,4 W

N
o

18
16
14
= 124 .
3 10 —— Gain Net
% 5 —®— Gain ON-OFF
3 s ——an
N Input and output
4 .
2 optical spectra
0 T T T T T 1
0 10 20 30 40 50 60 — Signalnon modulé
—_ Slgna\ modulé
Longueur de fibre (km) 20 4

— Signal hon modulé amplifié
— Signal modulé amplifié
—— Emission spontanée amplifiée

\

Amplified spontaneous emission f\%
" (YT YV T |

1579 7 1579.8 1579.9 1580.0 1580.1 1580.2 1580.3

Longueur d'onde (nm)
INSTITUT —
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Signal (d

Ill - Raman Scattering

 Amplified spontaneous Raman scattering

For P,(0)=0, spontaneous Raman scattering

Singlemode

optical fiber
(@ o
— > N

20
Calculation of the number of Stokes photons created through the

amplification of the photons initially created through spontaneous
Raman scattering

Example :

N,(0) = 1 photon per mode

See exercise + [Agrawal, Nonlinear fiber optics,Ch8] + [Smith, Appl. Opt. 11, 2489 (1972)]

Threshold condition : optical power for which Pg(z) = P (z)
For a lengthy fiber [ ~1/a, =20km @1,55 um

= 2
Aetr = 50 um Peeut =600 MW (relatively high value)
INSTITUT i
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* Raman scattering in a silica based optical fibre

Output Optical Spectrum

Crédit Photo : T. Claude, A. Volte (2015)

l

Aoump As1 Asp Ags ...
532 nm

Cascaded Raman Effect
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Ill - Raman Scattering

« D

e Raman fiber laser @y = @ - Os
7\,3 }\'S
Output
HRI Pump coupler
Laser Ap

Cascaded Raman fiber lasers
1480 nm 1117 nm 1480 nm

Pump laser 1 l 1
1117 nm

T 1175 nm T
T 1239 nm T
T 1360 nm T T

T 1390 nm
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NONLINEAR OPTIC

Ch. 5 3rd ORDER NONLINEAR
I. Optical Kerr Effect : self-focu

Shrodinger equation, self-phase "
solitons '\
ll. Four-wave Mixing

lll. Raman Scattering : spontaneous a

Raman scattering, Raman ampli

laser
IV. Brillouin Scattering : s

Brillouin scattering




 Origin of the Brillouin scattering

Inelastic scattering due to the fluctuation of the density of the material

- presence of thermal fluctuations : spontaneous Brillouin scattering
-> scattering of light from acoustic phonons

- density fluctuations reinforced by the beating between two optical
waves through electrostriction : stimulated Brillouin scattering

e Spontaneous Brillouin scattering

Density fluctuation Inelastic scattering

onto a sound wave

(G70
N=pO+Ape’(qr ) tee
ﬁ\vergge / \ Density fluctuation driven Ap(E2.v)
ensity by a propagative sound
wave Medium
INSTITUT i
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Dispersion relation for sound waves

Q=v ‘Q‘ with v : sound velocity within the medium

Induced macroscopic polarization due to density fluctuations of the medium

P, =N(0.Q)a E,(w,)

Phase matching condition
P(w,) o
P(a)s —w, - Q) Stokes wave =k, —q
P((UAS =w, + Q) Anti-Stokes wave as =Ky + q
INSTITUT ‘/
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IV - Brillovin Scattering

* Typical orders of magnitude

- amplitude of the acoustic wavevector |q| > |k|
- phase matching condition

v :
Q, =2—wsin(0/2)
c
The maximum frequency shift is achieved in

a backscattering geometry (6=180° )
k. ) Ks

>

q
- Brillouin frequency shift = acoustic wave frequency
2wnv
Q, =

Silica case : £ =12 GHz
Cc

- Linewidth of the Brillouin shift
Silica : 10 MHz
INSTITUT i
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IV - Brillovin Scattering

* Phase-matching considerations |61| > |k|
Anti-Stokes Scattering (
Kas ko =k, +G K,
0 |a q
K (1€L q)>a2 ke

(kd)<m2 K
INSTITUT 4
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Ap(L,v)

» Stimulated Brillouin scattering

Counterpropgating geometry —
Ws
CW or quasi-CWregime : Resolution of the coupled optical and sound
wave equations shows the following expression of the spatial intensity
evolutions for pump and Stokes

For details See [Boyd, Ch.9]

dIS . .. .
—==-ggl I+ al Equations similar to SRS, with a
I difference in the sign (contra-
d_L =-g L I, —al, propa. géometry)

z

Ex. : silica gg=5 101" m/W
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d'OPTIQUE 47
GRADUATE SCHOOL

 Amplified spontaneous Brillouin scattering

For P4(0)=0, spontaneous Brillouin scattering

Singlemode fiber
Ws
e ‘—

Calculation of the number of Stokes photons created through the
amplification of the photons initially created through spontaneous
Brillouin scattering

N,(0) = 1 photon per mode

Example :

Threshold condition : optical power for which Ps(zg =P (2)
For a lengthy fiber Ly ~1/a, =20km @155 um

A = 50 |Jm2

Lower threshold than Raman
process

Pscvit =1 mW I
Very easy to observe in CW regime

|N$T|TUT£
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