NONLINEAR OPTICS

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

Shrodinger equation, self-phase

solitons

ll. Four-wave Mixing

lll. Raman Scattering : spontaneou
Raman scattering, Raman ampl
laser

IV. Brillouin Scattering : sponta

Brillouin scattering

Interaction between 4 wavesat w, w, w, o,
With: w, =w, + W, + w,

P, (w,) =D, ):((3)(004 {00,,00,,00,)8,8,8, E(w,) E(w,)E(w,)

« Generation of UV light source

fiw, 4
" > ) hw
), w— (3) — hsz 4
0)34 X .
——p (), = ) + W, + O ho, #

Creation of one photon at w,, 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, =k, + 122 + 123
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Il - Four-wave Mixing

Generation of IR light source

t |ho, ' ho, .
ho, \ 2
\
1 hw,
\
W, =0, + 0, + 0, ! Wy + W3 =W, + W,
1 - -~
- — — - \ k
+k, =k +k
k, =k +k,+k, “‘ 4 THRZ=H TRy
TT \
Annihilation of one photon at wy, :
accompanied by the simultaneous E
creation of three photons, resp. at |
w4, Wy and w;
—
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification

-
Nonlinear interaction between a pump wave @ Wp
and a weak signal @ Ws

hw hw, = hws + hw;

Singlemode optical p + wp +

fiber or waveguide
beam wp

ha)p I hws
m—— m— () |
Ws Wg

w; Wp W

Pump

- e —»

Q Q
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification o
Nonlinear interaction between a pump wave @ Wp hap I '
. w, h
and a wea.k signal @ . By + ey = s + heos w, I ho,
Singlemode optical ————
Pump fiber or waveguide /'\
beam Wy Wi
= —- (,L)p | | W
ws S w; Wp Ws e
— -~ = —»
dA, _
dz
dAg
— pu—
dz
dA;
_ dz
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification o
Nonlinear interaction between a pump wave @ Wp ha, I '
. W, A
and a wea.k signal @ . by -+ hesy — hsy + oy w, I ho,
Singlemode optical —_——
Pump fiber or waveguide [\
beam wp W
—_— ‘ wp | | W
T, S w; Wp ws
s <« = —»
dA,  iwp 3y (3) A |2A QO Q Assumption :
dz  2nyc Xefs 14,2 > A2, | A2
dA,
— p—
dz
dA;
_ dz
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification -
Nonlinear interaction between a pump wave @ Wp hap I '
and a weak signal @ Ws B ' ha, | | hog
Singlemode optical fsp o+ Py = Tiwss + heoi I_
Pump fiber or waveguide [\
beam Wy _ Wi /\
m—) —’ Wy | | W
Ws wS Wwj wp Ws
—dAp o pr 3y (3) |A |2A ‘_Q_N-(T Assumption :
dz  2n,c Xeff [Apl* > |Asl?, | Ail?
dAs  iws A
—~ 3xorr [214p1P A + AL AT P?
dz  2ngc ef f [ 4y ]
dA; W
i i3 .(jf)f [2|A |2A 4+ AZA* zABz}
dz 2n;c
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification I "
hwp Wi
dA, Wy . (3) 9 ho, 1 | Ao,
[ dz 2n cheff|Ap| Ap I—

dA :
L d—zp = ivPpA,

Pump Power: P, = 2nceg| A, |2 Acs s

Mode effective Area
(surface)

3 Wp (3)
4€0n2C2 A eff Xeff

Kerr coef.: v =

=> Solutions = " hpz
Ap(z) Ap(O)e o o With 6 = phase term for
= |A,(0)]e*” e P2 the pump
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification

2[4, 7 A, + AZATe2P7]

[2|4,7A; + A2 A%e 7]

4y(2) = Ay (0)e "
= |4, (0) e

dAg _ i’yP [QA A:GZiaei(AB+27Pp)z}

dz Wy

dA; _ —z'fprﬂ [214;; _I_Ase—2i06—i(A,B+27Pp)z}
i dz Wp

By(2) = Ag(2)e 2"
14;:(2)6{+2i7}%9£%52

New variables :
B (z) =
INSTITUT‘/ z( )
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification
[ 4B, -
’L’}/P _GQZQB*( ) +i1K 'z s+
- dz wp Kl:A,8+2’)/Pp ll_ S zj|
dB: “r
. wj s
(N P a3 —219B —iK'z
L de Ty ah)e S(Z)e
About the phase-matching condition : K' ~AB —2yP,
[\/\ Bp ﬁp Aﬁ - 2510 - 58 - 5@
| I W << ~ < - Blw) = ﬂo-i—ﬁlAw—i-%AwQ-i-“-
Wi (Up Ws - 2’%F% IBi ﬁ% 13/3 ~ __/32£22
Q_ ey Kerr effect

— The phase matching condition is modified by the optical Kerr effect
(nonlinear phase shift)

= K'=0implies:y >0andf, <0ory<0Oandf, >0
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification

dB 210 * +iK' 2 )
[ omsommaens g
dB; . p Wi —2ip —iK'z
I d; z—prw—;e Bs(z)e

Similitude with the difference

dA, 2 Akz
frequency generation in X(Z) e 2n C ( )A Aze Ak
dA w
! — = w 2 _ (2) * oAkz
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification

st 210 K’
— P_ez B* +i1K'z , Ws + w;
| R R W= a1 20
dB* w; K
d; = —iyP, w—ze 20 (z)e = Boundary conditions :
— p AS(’Z _— 0) = ASO
Solutions based on the the difference Ai(z=0)=0
(z2=0)=
frequency generation in X(z)
: 1K' K/
Aula) = A.(0)e27 |eoshyf) — S snl(y's)| e
g’
Nonlinear phase Parametric
shift through XPM Amplification
;W K/2

F — ,-YP ~ ,pr g12 — 1’\/2 o T
w mn;n
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Il - Four-wave Mixing

* Degenerate FWM : parametric amplification
Solutions

_— /
Ay(z) = Ay (0)e= 2712 {Cosh(glz) — % Sinh(glz)] e~ T2

Nonlinear phase

Parametric
shift through XPM

Amplification

12

4 g/2

Py(z) = P5(0) {1 + (1+ )SinhQ(g’z)] SIGNAL AMPLIFICATION
12

4g/2

P;(2) = P,(0) (1 + > sinh?(g'z) IDLER GENERATION
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Il - Four-wave Mixing

* Degenerate FWM o 1 ho,
P
Parametric Gain P2 ha, I hoo,
G(z) =1+ (7—,27) sinh? (g’ z)
! Phase matchin Pr > Br >
Parametric gain spectrum " & -——— _
: , ; condition 5 B
2P, Bi s
Kerr effect

=» For n,>0, amplification in the anomalous
dispersion regime Ba<O >0

~ Qmaaz/\/§ _ﬂ

Phase matching B 9
20 [ condition A8 = 1627 = 27 ]

-20 -1IO 0 0
J (freq. detunin
1y By [ Amplification factor

g (parametric gain)

Qas = %] | Gmas(2) =14 sinh?(yBy2) = 1 + sinh*(@ . (2)
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Il - Four-wave Mixing

* Degenerate FWM I ho,

Parametric Gain ) ho
P,

G(z)=1+ (7 ,p> sinh? (g’
g

N
~—

— Ak=1/L —— Ak=5/L
Parametric gain spectrum

" 2.2
g 20
18f
16f
14f

1.2F

10f; : ; ‘
0.0 0.2 0.4
¢ [Rad]

g (parametric gain)
Amplification Gain for Signal = Pignai(L)/Psigna (0)

-20 -10 0 10 20
J (freq. detuning)
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Il - Four-wave Mixing

* Degenerate FWM
=» Optical Parametric Fluorescence Effect

-20 7
. Y Increasing power
G Ak, (from 50 W to 200 W)
% -40 !
= ] H
5 50 i
3 ] 't
] ] .
L -60- I
-70
-80IIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|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)
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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) :
>

F=Y'N
u(z,T) = uo(2) +u1(2)e ™" +ua(2)e ™ & fummmmns
g R
~~~~~ - Time
Side bands - + b
| | W
Wi Wp Ws -
-~ = —p>
Q Q

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

-—— —
o ooy e
Modulation Instabilities
Evolution of a quasi-CW pulse through a 3" order nonlinear waveguide
P, >0ety > 0. Pz <0ety >0
Intensity Spectrum Intensity Spectrum
s 10 4 81 101
o o 10711 o 67 1} -2
E e 2 104 2 4 E °
3 os s s 3 1071
g % 1079 €21 et | E 0]
0.0 10-10 ] 04
z=0 —— z=0.00m z=0 — z=0.00m , z=0 —— z=0.00m 107114 z=0 —— z=0.00m
05 T T T T T T ]
1e-10 le13 le-10 le13
-10 -05 00 05 10 -2 0 2 -10 -05 00 05 10 -2 0 2
6 6 6 6
£ £ E £
g4 g4 g4 g4
& 5 & g
g2 2 G2 2
(] [a] o o
0 0 . 0 0 -
Time, s Pulsation, rad/s Time, s Pulsation, rad/s
e | — L e— ]
0.0 0.5 10 1074 1072 100 102 0 2 4 6 1075 107 107! 10!
A=150e-06m  B,=1.00e-24 s2/m  n,=1.00e-19 MW Tp=2.00e-125 N=2.00 A=150e-06m  B,=-1.00e-24 s3/m  n,=1.00e-19 M¥W Tp=2.00e-125 N=2.00

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

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

o
Modulation Instabilities in microcavities .
3 0
N 2 -100
g, ; -200
%_1 -300
i ) -400
5 »
Intracavity spectrum )
evolution with the e tli‘:)"gumb;f;oo 2000
round trip numbers <10 .
8 0
y 2 -50
=» The modulation instability s 100
can lead to the generation of a g:’ 150
periodic frequency comb £, Z:z
= -300
i 500 1000 1500 2000

J/ Round trip numbers
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Frequency Comb Generation in nonlinear
puresonators — Numerical simulations

Pulz)ance moyenne intra cavité selon variation adiabatique du detuning

Microresonator Phot

t._l_.Ot_uuﬂIum_.

n
o

n
o

=
5
o
S
8
£
51 ] Intracavity Power dynamics Intracavity Optical Spectra
c
S 3 8512= 1 ol512= 1
: i N )]
10 1 -50
: Q - g
K] -1 -0.5 0 05 1 500 0 500
/@ |
6 / - 51512 = 0.35 . 51612= 0.35
4 =2 0o 2 4 6 8 10 12 14 @ . -
-1 -05 0 05 1 500 0 500
Intracavity spectrum for various detuning 4/512 <10
500 20 ao12=2 " s512=2
400 15 6 2ool J S e e
300 % 05 o 05 1 s00 o 500
10 0
200 51512= 35 B 51512= 35
@ 5 200 Lo
g 100 0 P
£ Q S I Looide it e .
% 0 0 -1 05 0 05 1 500 0 500
o™
2 -100 5 gzoo 8612=6 g Y 8/612=6
-200 g 1o 2
wOT LI LLLIT 3 sty
-300 a9y -05 0 05 1 O 500 0 500
Time (s) <10 Mode numbe
400 . . .
Generation of a Frequency comb in a
-500

-20 .
-4 ﬁ é 66’“ 6@ 8 10 12 14 microresonator pumped by a CW laser
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Il - Four-wave Mixing

* Generation of optical Frequency
Combs in nonlinear micro-
oy e A .
cavities [TunableH Optical i Microresonator Photodiode

~
cw-laser

amplifier = [

Microwave beat note

FWM:
Degenerate (1)  Non-degenerate (2) (1)

[ | | I I | ;

| | liiit,
f0l<_ Voump 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

- — ]
Wavelength (nm)

A
Generatlon of Optlcal Frequency 20 2300 2000 1750 17,50 1350 1200 1100 1000

[ ]
T o > 850 GHz 160 THz i
. . . IS
T
Combs in nonlinear micro- g ]
H
. t. a -40 i
cavities A=
200 220 240 260 280 300
Frequency (THz)
Tunable || Optical Microresonator Bhotodiode B , c
cw-laser amplifier @ gl E -
@ 20 o
t T 30 T -
\—‘ T -0 T -
Microwave beat note 5 ::g a
FWM: 70 P T A
Degenerate (1)  Non-degenerate (2) 1500 1520 1540 1560 1580 1600 1350 1450 1550 1650 1750 1850 1950 2050 2150
Wavelength (nm) Wavelength (nm)
> D
=
0:) SvO
: l
s
Y nnul
3 5
Slvv v £y or
Sl v T =
L5 (| [ I I I | l | ‘ | | | ' l || Silica Silicon nitride Crystalline
T IR I | 1 4 4
- fo"— pump Frequency Fig. 3. Mlcroresonator based frequency combs. (A) Spectrum of an octave-spanning frequency comb
1 using a silica mic (24). (B) An optical frequency comb generated using a
crystalhne CaF; resonator with a mode spacing of 25 GHz (27).(©Q) Ophcal 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 I Icatl O n S . a chip (Hydex glass) (32), chip-based silicon nitride (SiN) ring (30) and guid
p p - toroidal microresonators (24) on a silicon chip, and ultrahigh Q millimeter-scale crystalline resonators (27).
Astronomy Spectroscopy Waveform Optical clocks Telecommunication
generation by
g coop N
i g@ =
- —

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

* Generation of optical Frequency
Combs in nonlinear micro- HCEEN,
MU

Photonic
wire bond

Silicon photonics
transmitter chip

Nonlinear SiN
-V microresonator

pump laser (this work)

FWM

b m
m Deg. Non-deg.
(@)

ﬁ/\ i
INSTITUT i
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(

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

Optical power

Il - Four-Wave Mixing

ﬁ ,__,, 4..,._(3_),,,,,,,,-,—‘..,E—- Z S’

e . o ‘
EConjugate € ‘PNL ((1)) = EOXeff (w’a)’_w) APIAP 2

Generation of a conjugate wavefront
Automatic phase-matching with the conjugate wave

Reflection on a Mirror Reflection on a Phase Conjugate
Mirror (PCM)

— —> «— — «——

e
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NONLINEAR OP

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

Shrodinger equation, self-phase

solitons |
ll. Four-wave Mixing |
lll. Raman Scattering : spontaneous

Raman scattering, Raman ampli

laser

IV. Brillouin Scattering : Sp

Brillouin scattering

Raman Scattering

« Spontaneous Raman Scattering

\'\H/‘

Gas, I|qU|d SO|Id/

7 \\\

Pump Rayleigh peak

Anti-Stokes Raman peaks

\\
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« Raman spectra of various liquids

| M m_

T
4000 3000

w0 N

e s . . :
WATER 4000 3000 2000 NRVEN\}HSSDEnﬁl-\V 60D
SDBSNG = 4544 Hz0 RH-01-00034 : 4880R.200H.LIOUID

BENZENE

Frr S 1 SDBSNG = 898 CeHs RI-01-00014 : 4880A.100H.LIOUID
P
Fr e
3330 a8 995 9

3303 @

T
2000

Benzene

L .

JJn(Cthanol

a:
35a0
00

T
1 3000

ETHYL ALCOHOL

SDBSNO = 1300 CoHs0
2093 45
2927 96
287 57
185 2z
1007 16
1083 16
84 55
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« Raman scattering in a silica based optical fibre

Output Optical Spectrum

||

Aoump st Ay Agg ...
532 nm

Cascaded Raman Effect

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

ETHANOL
(Sylvie LEBRUN, LCF)

Photo : Univ. Bath
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lll - Raman Scattering

« Spontaneous Raman Scattering - Microscopic origin

q(t) /Molecule vibration
q—(,=q,Ccos a)v

Polarizability of the molecule o = + ( ) q- ‘Io

Incident monochromatic wave :

plo-w,)

AntiStokes Stokes

E =E,cos(wt)

(a : polarizability of the molecule)
Shifted components

\

I ,;
L

Oyn of the process : polarizability fluctuations

INSTITUT /] —
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lll - Raman Scattering

« Raman Scattering - Energy level diagrams

Stokes component

” WDs Das
8 “optical” phonon
/b> Vibrational mode of the > 1
Iw ibrational mode of the
/a> v molecules /a>

Raman Stokes scattering :

Initial state for the medium =\a>

Creation of one Stokes photon wg is accompanied by
the annihilation of one photon @,

Final state for the medium = \b>

Raman anti-Stokes scattering :

Initial state for the medium = \b>

Creation of one anti-Stokes photon @ys is
accompanied by the annihilation of one photon @,
Final state for the medium =\a>

INSTITUT 4
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Anti-Stokes component

2 Energy

I @, Qopulation

Boltzmann distribution

exrp (—hwab)
P\ 5T

Since Tfwg, > kgT

Stokes scattering is
predominant



lll - Raman Scattering

« Stimulated Raman scattering - Classical behavior
Molecules in vibration

@, /; )?’ va — Ops = oLt 0,

~lg) =

f, -'0)3=0)L'0)V

@y 7 .;», y oL * The beating between the wave components @,
— j f’ /| — and ws strengthens (drives) a collective and
— j’ 5{, coherent vibration of the molecules @ @,
@s J{ Ws » Consequence : amplification of the signal @ ws
1

Energy required to drive the dipole oscillation: 1}/ = —<p(z,t).E(z,t)>
1
p=aE = = §a<E2(z,t)>

Time average

INSTITUT i

d'OPTIQUE

N. Dubreuil - NONLINEAR OPTICS
GRADUATE SCHOOL

lll - Raman Scattering
- Stimulated Raman scattering - Classical behavior

Driven force applied onto the oscillator : AW 1 dov

F= qa §d—q<E2(z,t)>

Applied fields : E = Epcoswrt+ Egcoswgt

Equation of motion of a classical harmonic oscillator :

d2q dq 2 F(t)
L9901 —
dt? i Tt Mk m
E(Z,t) :ALei(kLz—th+Asei(k5z—wst+cc
d?q dq 5 1 da :
o1 2 ] — ——A A* Z(KZ—Qt) CC
gz P e = g Andse +0¢]
K=k — kg
) =wr —ws
INSTITUT_‘/,
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lll - Raman Scattering
« Stimulated Raman sc:aftering - Classical behavior
d2 dq 1 da
D" o= A A* I(Kz—Qt) cC
Driven solution of the form ¢ = q(Q) K== 4 o
solution ¢ T 20— 20

Expression of the macroscopic polarization

P(zt) = Na(z,t)E(z,t) = N[ag + (Z—a> q(z,t)|E(z,t)
q
do W(Kz—Qt i(kpz—wrpt i(ksz—wgt
PNL(z,t):N<d—q) [q(Q)el ) 4 CC[Apetkra—ert 4 pgeilthsz—wst L o)

(3)

Pyr(ws) = eoxp (wsiwr, — wr,ws)|Ap|? Age™s?

INSTITUT i
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lll - Raman Scattering

- Stimulated Raman scattering - Classical behavior

3 .
Pnr(wg) = EOX%)(Ws;WL, —wrws)|AL? Agets*

2
N da
X(3)(ws) _ com (d_q)
R w2 — (wp —wg)? + 2i(wp, —ws)y

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

Xg)(ws) = negative imaginary

INSTITUT 4
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lll - Raman Scattering

« Stimulated Raman scattering

Nonlinear polarization calculation @ @s (@4s) et o, solving the
equation of motion of a classical harmonic oscillator :

PNL(wS) = & XI(;)(Q)S;(UL W ’ws)‘AL‘zAs ™

PNL(wL) = & ng)(a}L;wS’_wS Wy )‘AS‘ZAL e’

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

Dws)= X (w,) = negative imaginary

Coupled equations :

0A .

a—S = gR\AL\ZAS Stokes wave amplification
Z

0A, o, Pump wave depletion

=-Lo lA['A : 3w
oz o, 8R‘ S‘ L with g, = ; s Xg)(ws)
nc

INSTITUT i .
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lll - Raman Scattering

* Raman amplification :

2 .
dpy = —a,P, + Y_RprS with : ¥y = 2 8k Raman Gain of the
dz Ay nC&%  medium in m.W-1
dP, y
dzL =-a,P, ‘A_RP sPL Aeff : effective mode area
o of the optical fiber

Solution in the undepleted pump approximation

P (z) =P (0) e™™* “ON-OFF” Gain

f_%
ZR P, ()L |
Py(z) = P(0) ™" e Avee Ly =—(1-e)
\ J . L
M Effective length
Net Gain

d'OPTIQUE
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lll - Raman Scattering

w, =13 THz

Example : Raman scattering in silica fiber

Spontaneous Raman Scattering spectra

for various doped silica

.5k ---- DCF P
Ws “| —— NzDF ’
ar . f
wy D

13.0

[,.wy,.m] ¥o

Was ay
pump-signal frequency difference [THz]
Wy
Bromage, JLT 22, 79-93 (2004
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lll - Raman Scattering
-

* Raman amplification :

Stimulated Raman
scattering
Standard optical fiber

ﬁ_o_wmi -

Pump Laser diode
@ 1450 nm

Structure

SMF28
Slope = 27.2 dB/W

0.0 0.2 0.4 0.6 0.8

Pump power (W)
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Raman gain amplification

1.0 1.2



lll - Raman Scattering

* Raman amplification :

Raman fiber amplification

Gain Raman pour Ppompe = 0,4 W

J N
N » ® ® O

—— Gain Net
—#8— Gain ON-OFF

Gain (dB)
=

©

Input and output
optical spectra

ZIO 3'0 4;) slo e'o — Signalnon modulé

— Signal modulé .
Longueur de fibre (km) -20 — Signal non modulé amplifié
— Signal modulé amplifié
\ —— Emission spontanée amplifiée

Amplified spontaneous emission l\%‘
" YT VTS

1579 7 1579.8 1579.9 1580.0 1580.1 1580.2 1580.3

J Longueur d'onde (nm)
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S
|

Signal (dl

lll - Raman Scattering

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

Singlemode
ay @ optical fiber s
—p > s

21
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 Py(z) = P (2)
For a lengthy fiber Ly,=~1/a, =20km @1,55 um

- 2
Aett = 50 pm Pseuit = 600 MW (relatively high value)
INSTITUT 4
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« Raman scattering in a silica based optical fibre

Output Optical Spectrum

||

Aoump  Ast Agg Ags ...
532 nm

Cascaded Raman Effect

Crédit Photo : T. Claude, A. Volte (2015)
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lll - Raman Scattering

[

e Raman fiber laser W, = O - Dg
7\,3 }\'S
Output
HR{ Pump coupler
Laser p

Cascaded Raman fiber lasers
1480 nm 1117 nm 1480 nm

Pump laser 1 < gz :l 1
1117 nm

T T 1175 nm T T

1239 nm

T T 1360 nm T T

1390 nm
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NONLINEAR OPIICS

Ch. 5 3rd ORDER NONLINEAR
. Optical Kerr Effect : self-focu
Shrodinger equation, self-phase
solitons ”\
ll. Four-wave Mixing

lll. Raman Scattering : spontaneous al

Raman scattering, Raman ampli

laser |
IV. Brillouin Scattering : Spq,.-
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

» Spontaneous Brillouin scattering

Density fluctuation Inelastic scattering

onto a sound wave

N=p,+Ap eI 4 e
Average / \ Density fluctuation driven Ap(R,v)
density by a propagative sound
wave Medium

INSTITUT i

d'OPTIQUE
GRADUATE SCHOOL

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(0Q)a E,(»,)

Phase matching condition
P(w,) o
P(a)S —w, - Q) Stokes wave =k, —q
P (OUAS =, + Q) Anti-Stokes wave As = Kp + Z1
INSTITUT ‘/_’
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IV - Brillouin Scattering

» Typical orders of magnitude

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

% )
Q, =2—wsin(6/2)
c
The maximum frequency shift is achieved in

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

q
- Brillouin frequency shift = acoustic wave frequency

2wnyv
Q, =

Silica case : 25 =12 GHz

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

* Phase-matching considerations |61| > |k|
Anti-Stokes Scattering (
Kas ‘ I—C’As = £L + é k,
e |9 q
k. (EL ,5) >T/2 ki

(kd)<mi2 K
nstiTuT =

—_—

N. Dubreuil - NONLINEAR OPTICS
GRADUATE SCHOO L

d'OPTIQUE




. N . Ap(L2,v)
e Stimulated Brillouin scattering P
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]

dl

A —8pl Iy +al Equations similar to SRS, with a
al difference in the sign (contra-
—L g I -al, propa. géometry)

Ex. : silica gg=5 10-"" m/W
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 Amplified spontaneous Brillouin scattering

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

Singlemode fiber
= ©

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 : optlcal power for which Pg( g P.(z)
For a lengthy fiber Ly=1/a, =20km @15

Lower threshold than Raman
process

- 2
Aetr = 50 um P...i=1mW!

Very easy to observe in CW regime
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