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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
= Difference-frequency generation: conversion efficiency and acceptance
= Phase- and guasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
= Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
»= Picosecond to femtosecond regime

Conclusion
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Birth certificate of nonlinear optics

Franken’s experiment (1961)

i\ Quartz
Ruby laser Peter Franken
(694 nm)

A Photographic plate

Generation of a wave at 2w

Nonlinear response of the material 347 nm

cos(wt)— cos?(at) = % + %COS(Z&)’[)

Invention of laser — high intensities — high electric field in the material

3J,1ms,pulse  _%0°F2 1012 \Wm2 = | E ~107 V/m
focused on 50 um 2
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Franken's result... as published!

VoLuME 7, NUMBER 4 PHYSICAL REVIEW LETTERS AucusT 15, 1961

GENERATION OF OPTICAL HARMONICS®

P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich
The Harrison M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan
(Received July 21, 1961)
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FIG. 1. A direct reproduction of the first plate in which there was an indication of second harmonic. The
wavelength scale is in units of 100 A. The arrow at 3472 A indicates the small but dense image produced by the
second harmonic. The image of the primary beam at 6943 A is very large due to halation.

Invisible 2w signal! The tiny spot was thought by the lithographers at Physical
Review Letters to be a grain of dust, and was therefore eliminated from the published
version of the article...
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Franken’s original photographic plates

6,943 ANGSTROMS
N\

RUBY LASER 34715 ANGSTROMS  \
FOCUSING LENS ‘

N\
\\
ey PRISM AND 3
QUARTEERIDIAL COLLIMATING LENSES w\\
\

<]

PHOTOGRAPHIC PLATE

Chimire & Reis, APL Photon. 11, 021102 (2026)
2w signal is present!
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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
» Difference-frequency generation: conversion efficiency and acceptance
» Phase- and gquasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
= Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
= Picosecond to femtosecond regime

Conclusion
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Nonlinear optical response of a medium to an intense light excitation

Apparition of high-order (nonlinear) terms in the expression of the dielectric polarization in a
medium as a function of the electric field

P|_ + |3NL

|
|

Anisotropic medium — tensorial relation between P and E

;((1) . linear susceptibility (second-order tensor)

Z(n) . n" order nonlinear susceptibility ((n + 1)t order tensor)
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Relative orders of magnitude of the different orders of the susceptibility

Nonlinearity only appears if the laser field is not completely negligible compared to the intra-

atomic field Eqyy ~10M V/m
2 3
. P:n(l)EJrn(Z)(Ej +,7(3)[Ej .
Lat Lot Lot

where coefficients 77(”) are all of the same order of magnitude (valid off-resonance)

L0 ()

In most cases (off resonance), development is limited to

» 7@ in non-centrosymmetric media mm quadratic nonlinear optics

* ¥ in other media
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Nonlinear mixing of two monochromatic waves

Ey(F,t) = % (N +cc.  Ep(rt)= % E, (e +c.c.

= PO e PEFEFR ™ e sumtrequency

2
1 — >\ _ —ilo - .
+550;((2)E1(r)E2(I‘) el 4 cc. difference frquency
+15 Z(Z)E (r)Ze—iZwlt + frequency doubling
10 1
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Coupled-mode equations

How waves 2 and 3 combine to produce wave 1.

VZE(zt) - ()Zst Ey(2,t)= 0‘920752; PuLa(z.t)

avec w; = W3 — W,

We introduce envelope functions:

v? [% Ey(z)e™ "k +cc] ( 1?1)2 E Ey(z)e " +C'C'] =

105072 4 2, (a2 2)e 4 s,
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2|k1d El —|klz —|klz nlco_[ ( ) L _

K ik
~ lggo g2 O Ez ¢ ZZE3 ! 32)

Dispersion relation: @j=K;i r%
|

’ﬂllk

! dE<<E

Envelope function approximation

EX

REPUBLI QUE ONERA b
FRANCAISE /

2%2?&11( THE FRENCH AEROSPACE LAB — ~

Socki® ancalve dOpiave




~2l kl% B (2)67"™ = — gy (Ez(zt)*ei K2ZE (7)™ kSZJ

Coupled-mode equations

- —1AK
(R=W) > %Ef—'%clz EgEp e ™ ¢
|::> (03 — 0] =) E2 —|2n2 Y4, E3E *e_iAkz
| Ak
o+ ) =5 @E:’;:—'mm EyEpe™ ™
Phase mismatch Ak =k3—K; —K» with k:n(a))a)/c




Difference frequency generation (DFG)

 Two incident waves, w, and w; — DFG at w; = ws- w,
 We assume a low efficiency, E,(z) = E,(0) et E5(z) = E5(0)
* Only one equation to solve

o % ~—1Akz Pump ‘/,',:’ w :
E I 2n1C ZZ E30 EZO e Iaser /';,:"/' g Z(Z) =§=>

W,

> |E,(z)=5%5 7, ExEx ‘z SInC(Aq Tunable e

signal laser

Conversion yield

— (2)=-2 (wl A2 © JZ I3lzsincz(%)

gC\ 2nc
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Coherence length
15 -
-c% phase matching
= Ak=0
S 10+
1(2) o 22 sinc? (%2 1,1, 5
g2 54
8 phase mismatching
a) Ak # 0
L) o s () ), e e
Ak 04 14 24 34 44

Propagation distance

Maximum conversion for:  z=A_ with Ak A =n
n a

- e

Coherence length: A, =— ‘
AK "o

dispersion
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Practical illustration of the phase mismatch effect
Case of SHG: w + w - 2w

Far from phase matching

SHG crystal

n

SHG beam

q

Incident beam

Source : Prof. R. Trebino (Georgia Tech)

Less far from phase matching
SHG crystal

Incident beam SHG beam

It can be seen that the SH beam is more intense the closer one gets to phase matching.

) Being nearly phase-matched is sufficient: Ak < 7z/L
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Phase-matching acceptance
Case of DFG (low conversion efficiency)

,(z) o 2° sincz(&)lzl3

2

50% reduction in conversion for:

Akgp=2,78/L

This is one of the definitions of
acceptance bandwidth.

Another usual definition: Akgp =7/L om -4 -om . o om  am  om

The tolerance in terms of phase matching is all the more critical as the length of the nonlinear
medium increases.
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Solution to one of the mysteries of 3-wave interaction
Of all triplets of wavelengths such as:
+o =20y y+wp=207 3t+®y - O O]+ Wy = etc...

which can exchange energy through parametric interaction,
only triplets such as

_ Conservation of ener
w, + W, =0, gy

n(a)1 )a)l +n(a)2)a)2 zn(a)3 )co3 & Akx0  Phase matching

efficiently interact.

For a given s, a single (w,,®»,) couple simultaneously satisfies these two equations (generally).

:> Importance of the phase-matching condition
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Birefringence phase matching

[ n O0,w) =n,(2w

é e( ) 0( ) ne(e) |

E ne(6 ) o

T

O

o

@

w 2w frequency
0.9 — : 6 i

s -+ Expetimontal dais - - Demonstrated since the 1960s
g // I(::L Eso?]);penmental data g .
.08 /4 = 5=« Long the only effective method
2 084 i LGT 1 1 1 'S Few limitations
§ '. Type II DFG : * = A_g X § ] ] _
g 079 G X5 = 1064um ' 8 * Only birefringent materials
(o) o .
£ Y, . 8 * Double refraction
g 08%orTicA T 122 - - ' '
= gigggwgoursier I oo oo O « Orientation generally different from that which

%5 e e 70 75 80 8 ol maximises the nonlinear coefficient d

Phase-matching angle GPM (®)
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Quasi phase matching

A
+X(2) k 7'}
; 2
IbEG e |
. k3
kg
. » Ak.L v Koem =7
A

At first glance, it seems less effective than the perfect phase matching.
In practice, it has many advantages, including:

« Solicitation of the largest »® tensor coefficient (e. g. ds5)

» Engineering of non-linear interaction

« A configuration without double refraction can always be chosen
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Quasi-phase matching techniques

Electric-field poling in ferroelectrics (LINDO,, KTP, LiTaOs,...)

UV light Photolithography

8 /™

RN N
ngle-domain
felrr?)electric Icrystal
@ S st [T 11111111

Metallic
electrodes

@ onrere LTI 4 B0 7%
oy mrmmm 0 109 ¢
o0

3




Periodically Poled Lithium Niobate (PPLN)

////////
pppgnn

Periodic quasi-phase matching

5
T=150 °C _
4.8k— period = 26 um
£ 4
2 T |- —
c 3 46 26.5 pm
5 3_ c . o
c -
< 2 44} 27 um
> o | -
= of S 42} — 275
g - 28
um
1L 1 I I I I I 40F \
26 27 286 29 30 31 . L ' L L ' !
. 80 100 120 140 160 180 200
period (um)
T(C)
Generated wavelength Generated wavelength
for a 1.064 um pump as a function of temperature
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Quasi-phase matching techniques

1k Pump wavelength (um) i
Epitaxial growth (GaAs, GaP, GaN,...) | 10613155 20 25 30 3540
12 n
210 -
2
2) % 8 -
o dler
c
J s -
A pm g
2
D 4 Signal 4
2” GaAs wafer 2” GaAs wafer + eich-stop layer 2 -
+0.1 pm GaAs layer regrowth Crystallographic inversion by . )
wafer bonding process i M. Fejer, Standford Univ.
0 M 1 " 1 M 1 " 1 L 1 L
0 20 40 60 80 100

Coherence length (um)

3)
um l |
HVPE regrowth Mechanical & chemical etching
THALES
1-v lab
// s ™
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Aperiodic quasi-phase matching: parametric gain spectrum engineering

T
Akgpm (1470 nm) = Ak(1470 nm) — A_o =0

Nonlinear crystal with periodic poling ﬂ
X2 42 2 4 .. 100}
S O B e N N N ‘ 'é SA=1nm
N(z) = A, = constante g
* Central wavelength fixed by the poling period ﬁ E
* Bandwidth limited by crystal length and ™40 1470 1480 1490
chromatic dispersion Wavelength (nm)
—— K =1.80.10"m"
Nonlinear crystal with chirped period poling . —— K =3.20.10° m?
1 ——K =4.75.10"m?
c =11.8 nm |
—> ‘ > 2 oA =18.4 nm
A(z) = A+ K(z-L/2) %
* Engineering of the gain spectrum * U
* No magic!: gain x bandwitdh = cst 1

- 1460 1470 1480 1490
Broadband parametric source Wavelength
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Engineering of quasi-phase matching

- F

@ i i source :

uuuu OTONIGS CORB.

Quasi-phase matching
with two periods

‘ Light beam -‘I Light b,,m!-

The light beam is diffractive in the bulk chip. The light beam is confined in the waveguide chip.
» The power level depends on the focusing ~ The power level is usually less than 1W to avoid

4 condition and optical properties of the cryst: damaging the waveguide structure.

Fan-out quasi-phase matching RPE waveguide Ridge Waveguide

Protection Liyer

PE Channel e oy

Ridge Channel

»

Aperiodic quasi-phase matching

Backward-wave quasi-phase matching
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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
= Difference-frequency generation: conversion efficiency and acceptance
= Phase- and quasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
» Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
= Picosecond to femtosecond regime

Conclusion
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Reminder: three-wave mixing equations

We assume that AK=Kg3—kj—ky ~0 for @3=a@)+m)

== Processes coupling these three waves are effective

...and we assume the absence of effective coupling processes with other waves

Closed system of three differential equations

d A * —1Akz
W3 — Wy > &Al——IKA:;AZ e
d A _ * —1Akz
W3 — W =09 &Az——IKAgAl e
iA__' A +1AK z
O] +0y =3 i Pe= kA Ay
112 oo a3 d A= |JE
with K=%% NNy N3 J Q] J

Egalité
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Parametric amplification

d o _ i * -
Undepleted pump approximation dz A=-19h i e
with perfect phase matching da i A&*
A(z)~ A(0) ~ cste TR
with parametric gain g= %ZCZ an)i;ozz E3(O)
z)=A/0)cosh(g z
Al( ) Al( ) (g ) for A2(0)=0 31—: —ij
Ay(z)=-i A(0) sinh(gz) —

Amplification of signal wave A, and generation of idler wave A, (and vice-versa)

For high parametric gain A1(Z) ~ AZ(Z) R % ASL(O) ¥’
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Parametric amplification and accompanying DFG

A

pump : \

‘ " idler
signal ~ /

—pe—__ >
>

Input output
— — —p — —
N
-> —_— — —

EX A\
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Saturation of parametric gain and pump reconversion

The analytical solution exists, but it is complicated and involves Jacobi's elliptic functions
In the crystal: energy exchange between pump and signal (and idler)

100 -

5 (o)} o0
o o o
] ] ]

Intensity (MW/cm?)

N
o
]

AKL=10

~ L4
~. L.
I ! I Ll I 1 I

5 10 15 20
Length (mm)
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Sum-, difference-frequency generation and parametric fluorescence

Ex
REPUBLIQUE

Lz‘zf:‘r:-frequency generation
\;\rr! \N\N\NS

Eleia)lt Ezeiaﬂt — EBeiaBt

Difference-frequency generation
Parametric amplification

it

(Ezeiaflt)* Eseia)f}t - Eleia)lt

Parametric generation
Parametric fluorescence

Spontaneous parametric down-conversion

55

\VaVaVaV g

E3eia)3t_) Eleia)lt Ezeiaﬂt

FRANCAISE
Liberté
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Spontaneous parametric down-conversion (SPDC)

Intrinsically quantum phenomenon

bunching Signal correlation

° X2 '% = it
Laser % 0%1.. © 00 o000 |o

)
Idler

mm) Generation of Fock states, of entangled photon pairs

1 © 1\"?
lY) = \/_E;(l _E> |nsrni>

used in numerous experiments and applications in quantum optics (quantum cryptography,
guantum information, etc.)

For G = 1, pairs are generated spontaneously and their amplification in the rest of the crystal can be
neglected — this is referred to as SPDC,; this case concerns scientific studies in quantum optics

Pour G > 1, pairs are generated and then amplified (~avalanche effect) with potentially high efficiencies
— this is referred to as OPG; this case may be of interest in quantum optics, but also in classical optics

Socki® ancalve dOpiave




Optical parametric generation and fluorescence
Fluorescence cone
Non-collinear interactions

Signal cone
VISIb|e > .
\
;, k / \
\
| 2 P
I/ 5
/
Idler cone /'\ ’ INSTITUT ﬁ

d'OPTIQUE

infrared S ="
Undepleted

UV pump

Each direction of the cone corresponds to a pair (w, , w;) such that (k, k;) approximately verify
the non-collinear phase matching with fixed k..
— Generation of two superimposed light cones, signal cone and complementary cone.
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Typical gain in continuous-wave regime
Example: lithium niobate LINbO,

27[22
4 g= ZzJ 1
X2 =— 27 pm/V - i
c =3x10%m/s St ()
n=213 0.08
P 0.0775
I, = — |
p T Wp /2 0.075
0.0725! degeneracy
p=45um : ~ A (Lm)
; 3 4 5 6
B,=1W 0.0675,
/1p = 1.06 um 0.065
0.0625

m=) Not many photons coming out of the OPG... what to do?
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Optical parametric oscillator

Parametric interaction = process with gain for signal and complementary
However, in most cases (except for short pulses), the single-pass gain is quite low
mmm) The nonlinear medium is inserted in an optical cavity to obtain positive feedback and realize

an oscillator
Oscillation builds up from gquantum noise and high efficient can be achieved

=) Optical parametric oscillator (OPO) Nonlinear
crystal

OPO = Optical synthesizer:
« ability to emit coherent radiation in spectral ranges where no laser exists

* potential to tune the emitted wavelengths over very wide ranges (several micrometers), much
wider than with the most tunable lasers
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First OPO

Wy Wy, 2Wg

2Wg =

CEWDq. Nd3r  1.058L

. . - LLNbQO3a LLNBO
Giordmaine & Miller (1965) LASER CRYSTAL ANERARED cm%-mfz
1 FILTER 2

Pump source

DIELECTRIC
CD#TINGE

OPO

w i.I.JpJ Qg s Ly We Wy
(Q::g:::::::::. I .o | et - -=*
s IR bt - ===z o= bt | e
G-529, ™ -

0.96
0.08
PHYSICAL REVIEW
LETTERS oz
w
4
Sroal-
VoLUuME |4 14 JUNE 1965 NUMBER 24 w
=
T 1osfF
TUNABLE COHERENT PARAMETRIC OSCILLATION IN LiNbO, AT OPTICAL FREQUENCIES 2
(f1)
J. A, Giordmaine and Robert C, Miller é 1.08 |-
Bell Telephone Laboratories, Murray Hill, New Jerscy ;
. . . iReceived 11 May 1965)
J. A. Giordmaine & R. C. Miller 10}
Source: Optica
11z
1.14 4:
116 I I L I
45 50 54 58 LF]
TEMPERATURE (°C)
b |
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Optical parametric oscillators

Three interacting waves — greater variety of resonator configurations than with lasers

Non-exhaustive list:

Doubly resonant OPO

Singly resonant OPO My M, M; M,
M, M, e Wy
o I e = (KN
P > > d-AF>
( Z ﬁ > C i i}l w,
Wi, 5 |
Simple, rather high threshold (~few W in CW regime) More complex, low threshold (~few 10 mW to few 100 mW
in CW regime)
Cross-resonant OPO o
M M Mirrorless backward-wave OPO Gallery-mode monolithic OPO
_ 1 Z(z) _2 Pump Iﬂ‘.’\iﬂ.r
w, € | )

Less de saturation, high threshold
(~few 100 W — pulsed regime)

j(ixm/

Triply resonant, very low threshold
(<1 mW in CW regime)

Super simple, high threshold
(~few kW — pulsed regime)
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Optical parametric oscillator: Tuning of emitted frequencies

{\' _ Moadification of the phase matching condition:
= temperature

) » Qrientation
-

= guasi-phase matching nonlinear grating period

Conservation of energy
W, = Ws + W,

s

Phase matching
kp: ks+ ki (+ k/\)
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Singly resonant OPO

I Moot

In ou

' NLX
Ji2kL /

i A(0)cosh(gL)

A (0) g/

A (0)cosh (gL )e' -

B

o Av(0)cosh(gL )Je™

A(0)=r, r,, cosh(g L)e™" A(0)

cosh(g,, L)=-=2—  Condition on the pump amplitude

k,L=m r Resonance condition

Egalité
9 Socki® ancalve dOpiave



Example: lithium niobate LINbO,

4 ~
X2=E27pm/v g5 L~ \Te +Tg
35 108 m/s oos. Parametric gain
n o~ 213 0.0775
Pp CITE\ 0.075 |
[ = G 00725 A; (Um)
P omwt/2 - i s
£ | 5 6
w, = 45 um S 0.0675
0.065§
0.0625
Ay = 1.06 pm :
Seuil a 3 um
R =R =099 g =0.076/P(W) cm™ | p 34w
L=1cm = 0, =0.14cm™

RRRRRR

Egalité
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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
= Difference-frequency generation: conversion efficiency and acceptance
= Phase- and quasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
= Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
»= Picosecond to femtosecond regime

Conclusion
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OPOs in continuous-wave (CW) regime
Typical architecture

piezoelectric

transducer ) nonlinear crystal
etalon (SFG,SHG...) Bragg mirror,
€ |- A Diffraction grating,
Dielectric mirror...
‘\‘

pump beam

nonlinear crystal
(OPA)

The issue of the low gain issue in CW regime

« Highly focused beams in the nonlinear crystal (typical diameter ~ 50 ym)

« Stable optical resonator allowing good overlap between the three waves and minimum
diffraction losses

« High mirror reflection coefficients for the resonant wave
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CW OPOs
Very high conversion efficiencies are achievable

Number of times above threshold

Ring Cavity ;1 2 3 4
[| Etalon c 0.8 1"
m g 132
E. 0.6 g_
210.4 129
& 0.2 11 =
PPLN ’ Ring Cavity
Bosenberg et al, Opt. Lett. 21 (1996) 1336 6 6 10 12 120
Pump (W)
Main application fields related to spectrometry
» High-resolution spectroscopy - -

3278.0 4
3277.5 4

« Gas analysis

 Material characterisation
 Chemical reactions

« Calibration of infrared detectors
« Microscopy for biotechnology , | | |

* Quantum technologies

Arslanov et al, Laser Photon. Rev. 21 (2012) 1-19
Radboud University (The Netherlands)

3277.04
3276.5
3276.0 4
3275.5 4
3275.0 4
327454
3274.0 4
32735 4

wavelength (cm’)

3273.04
32725 4

3272.0 4
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Photonic integrated circuit (PIC) optical parametric oscillators

Toward on-chip OPO’s in a PIC platform

Lasers, nonlinear crystals,
and platform development

X(Z)

1st monolithic
waveguide OPO [5,6]

Lu et al,

On-chip miniaturization with
milli-/micro-meter cavities

PPLN OPO [27]

i

~10 um

Ti:LiNbO;
P

LiNbO,

~5cm <

.

|
201 -z surface

Wavelength (um)
= = A 13 0 N
> » o LU .- Y

Radially-poled
QPM OPO [34]

20 40 60 80 100 120 140 160 180
Temperature (°C)

Optica 13, 11-30 (2026)

Integration towards applications
in spectroscopy, sensing, etc.

Infrared SRO for spectroscopy [20]

AIN microring OPO [36] Octave-span|i

CW OPO [22]
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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
= Difference-frequency generation: conversion efficiency and acceptance
= Phase- and quasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
= Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
»= Picosecond to femtosecond regime

Conclusion
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OPO in nanosecond pulsed regime

Preferred operating regime for OPOs

« The high peak power of Q-switched lasers allows to reach high gains
— the constrain on cavity loss is highly relaxed
« Capability to implement simple and compact resonators: a crystal + 2 mirrors

Incident pump
- - - - Depleted pump
— Signal

Idler

Zerodur
frame

mirror

Normalized power

—T T 1

200 20 240 460 680
Time (ns)
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OPO in nanosecond regime

Some applications ‘& Infrared signature of an aircraft
« Optical counter measures

/N

« Gas detection (differential absorption lidar)

Back-scattering at
aerosols and molecules
(same for Agy and )

Absorption line of
target gas

AON

Absorption by
target gas at Aqy

{ Transmitter
[ q IJ ---------------------- A e \\. A ¢
Receiver ([ =
.2 ® 4 v e b JL
_____ ha - ‘

Received

power 4 At ansmission 2 Concentration of target gas
PON

1
Distance r= Ec- t

» Measurement of gas concentration with spatial resolution along line of sight
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OPO in nanosecond regime
Pulsed oscillation threshold

Case of a singly resonant OPO pumped by a Nd:YAG Q-switched laser

 Pump peak power up to 7 kW
« OPO CW threshold estimated to about 200 W
* Measured pulsed threshold: 800 W peak power

Nd:YAG laser

A=1.064 pm

7=165ns

PRF = 10 kHz

TEM,y, mode profile
P=12W (1.2 mJ/pulse)

OPO
4 11\*——/”,]

HT pump AR-coated PPLN HT pump

HR signal (20 mm) R = 90% signal
HT idler. HT idler
Why?

Y
o
o

|

Idler peak power (kW)
o
N
I N

=
o
T

— Depleted pump
— Incident pump
— OPO

o
oo
T

o o
£ [o)}
T T

Normalized intensity
o
o

o
o

Time (ns)

© B kB B
(0] o N N
1 I 1111 I 1111 I 1111 I

o o
o N

o |

-

N

w

N

(6}

(e))

~

Pump peak power (kW)
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Oscillation build-up time

Singly resonant OPO
= Build-up time = number of cavity round-trips to
reach a detectable signal
= A somewhat arbitrary definition...

M,

7
>

I

>

<

VV iammaEnn

Is,noise

t

SRO

build—up = N X tround-trip

IS,N = Is,noise [R cosh? (y L)]N

Brosnan & Byer, IEEE J. Quantum Elec. 15 (1979) 415
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Intensités, X = 2 et Np = 200

Intensités, X = 2 et Np = 200
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0.0 1
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3.5

3.0 1

2.5 1

2.01
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104

0.5 4
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10° 4
. 10714
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10—5 4
peak 1076 1 B
I 1071
p 2 1078 4
—_ 10724
CW o0 ]
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107124
10713 4 :
10-14
04 — |
0.0 0.5 1.0 1.5 2.0 2.5 . 00 05 10 15 50 55
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. 10!
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10~
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Cw 107
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10711 4
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Oscillation build-up time

Singly resonant OPO

= Build-up time = number of cavity round-trips to
reach a detectable signal

= A somewhat arbitrary definition...

M, M,
[ Z(Z) W
(( > >> Isn 2 lgetectable
—>
<: W
(Up
> = >
; ;:::>5$3
Is,noise

IS,N = Is,noise [R cosh? (y L)]N

SRO —
t build—up — N X tround—trip

Brosnan & Byer, IEEE J. Quantum Elec. 15 (1979) 415

Pulsed threshold
» Build-up time = pump pulse duration

Idetectable

Is,noise

Ipulse 10 -
th ] R

cwW
th

1 L L
10 100 1000

N

= The longer the pulse, the closer to the CW case
= Short cavity with less possible air spacing around
the nonlinear crystal to minimize pulsed threshold
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OPO in nanosecond regime
Issue of the control of the emitted spectrum

Simple singly “simply” resonant OPO /Parametricgain SR

Transient regime: mode competition does not fully develop — multimode Aw,
emission

» Pulse-to-pulse variation of the energy distribution between the modes, Wy
related to the initial quantum noise — “noisy” multimode spectrum

1.2 X threshold

\‘ . . -
- NL Crystal : & _l._ LJ\M._.__.
ﬂ
| Not relevant for gas

. : . Pulse-to pulse spectrum
detection applications 10-ns BEO OFO

Anstett and Wallenstein, Appl. Phys. B 79 (2004) 827-836
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Main approaches for nanosecond OPOs line-narrowing

e |njection seeding by a single-frequency cw laser e Pump laser
(Master)

1064nm
(pump)

mmmmmmmmmm
Optical
switch

DFB-LD

(Slave) NASA (USA) o5

e |nsertion of intracavity wavelength selective elements variable _
S "Navac mer
- f= 500 mm
grating pump, signal
bt rnnn idle

tunin

Univ. Otago (New Zealand)

e Vernier spectral filtering with a dual cavity doubly resonant scheme

ONERA (France)
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Injection seeding: principle

e Asingle-mode laser whose frequency is coincident with an OPO cavity mode is injected to seed the
parametric oscillation®
Seed power >> quantum noise = oscillation builds up from this narrow-linewidth radiation
OPO cavity must be locked to the seed frequency for efficient injection

~AI07~ =
, '\,ﬂgtﬂ g,ff;ﬁf SYNC _ | ns-PULSED PUMP LASER
\ \L— (Nd:YAG, 1.064-um) * Bjorkholm and Danielmeyer, Appl. Phys. Lett. 15 (1969) 171-173
T Fo Bell Labs , USA
ot - : -_CP_
‘ CHOPPER
~1.55-um SIGNAL
~340-um IDLER 1, PPLN OPO ! ‘M, [PD]
, () - I
I
| ISOLATOR
PZT :
M, M,
__________ CAVITY INJECTION SEEDER _
CONTROL (cw TDL, 1.55-um) J. E. Bjorkholm

Source: Optica

Orr et al, Chapter 2 in Tunable Laser Applications, F. J. Duarte (ed) (2008) 15-96
Macquarie University (Australia)
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Injection seeding: effect of phase mismatching on spectral purity

e At Ak = 0, successful seeding = single-mode emission

No seeding Seeding

/ Parametric gain bandwidth \ Seed frequency / Parametric gain bandwidth \
at Ak =0
Awq
Wy rl: Wg

\ 4

w w
s.0 siN1 Wiseed = ws,O
wp wp
>
£ Py
2 Ws,0 Z Ws o
O C
£ o
—_ C
Ws N1 =
~ _—
- >
Time T|me
53
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Injection seeding: fine tuning

e Simultaneous variation of the cavity length and tuning of the seed laser to maintain the coincidence
between the cavity mode frequency and the seed frequency

e For broad tuning, phase matching has also to be adjusted to keep a successful seeding
e OPO tuning range is limited to seed laser tuning range

Parametric gain bandwidth
/ N S /Q .

Aw,
—— > —>
wseed:ws,o
N N\
=

> oo
e Wseed S Lcavity
q_) —
> >
g £
o S

Scan progress Scan progress
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Main approaches for nanosecond OPOs line-narrowing

Pump laser

DFB-LD
(Master)

1064nm
(pump)

Optical
switch

DFB-LD

(Slave) NASA (USA) QPO

e |nsertion of intracavity wavelength selective elements variable _
S "Navac mer
. £= 500 mm

pump, signal
idle

tunin

Univ. Otago (New Zealand)

ONERA (France)

HE FRENCH AEROSPACE LAB
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Line-narrowing with intracavity spectral filter: principle

e |nsertion of a wavelength-dependent loss in the OPO cavity to select a single mode
Transposition of techniques previously implemented in dye lasers
First implementations in the late 60’s-early 70’s

Kreuzer, Appl. Phys. Lett. 15 (1969) 263-265
Bell Labs (USA)

" Parametric gain bandwidth ~ """ Parametric gain bandwidth >~
Aw
wS

e The spectral filter induces loss for unwanted modes

* |Increase of the oscillation threshold (typically X 2)
e Reduced efficiency

L. B. Kreuzer
Source: The Rayleigh Register

s Intracavity spectral filter

e Complexity of implementation requiring precise control of several elements of the cavities
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Main approaches for nanosecond OPOs line-narrowing

Pump laser

DFB-LD
(Master)

1064nm
(pump)

Optical
switch

DFB-LD

(Slave) NASA (USA) o5

variable
attenuator .
o il Injection-seeded
> ~X Nd:YAG laser
—— /=500 mm

pump, signal
idle

tunin

Univ. Otago (New Zealand)

e Vernier spectral filtering with a dual cavity doubly resonant scheme

ONERA (France)
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Spectral content of a pulsed doubly resonant OPO

e Single-cavity doubly resonant OPO (DRO):

Giordmaine and Miller’s diagram: signal and idler frequencies located on the same vertical satisfy w, + w, = w,

M1 M2 s Parametric gain bandwidth ~
w

£
E———)
AT A
——
\/
e = =
3

N
N\

wp/2

S [N HE U

£
+
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Spectral content of a pulsed doubly resonant OPO

e Single-cavity doubly resonant OPO (DRO): Aw, = Aw,
Giordmaine and Miller’s diagram: signal and idler frequencies located on the same vertical satisfy w, + w, = w,
Chromatic dispersion and/or birefringence in the nonlinear crystal - FSRs are slightly different for signal and idler

M1 M2 s Parametric gain bandwidth ~
w

wp ﬂ( Aws
> A . T
ll< > L > W,
I
-
W € : 75~ (_)
2 : :
Wy Aw
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Spectral content of a pulsed doubly resonant OPO

e Single-cavity doubly resonant OPO (DRO): Aw, = Aw,
Giordmaine and Miller’s diagram: signal and idler frequencies located on the same vertical satisfy w, + w, = w,
Chromatic dispersion and/or birefringence in the nonlinear crystal - FSRs are slightly different for signal and idler

Partial coincidences of signal-idler mode pairs however occur close to a signal-idler mode pair in exact coincidence - a pulsed
single-cavity DRO is usually multimode because these partial coincidences sufficiently overlap to be able to oscillate, forming a so-
called cluster of modes

M1 M2 / Bande de gain paramétrique ~
w

S
(Up ﬂ( )ﬂ S
[|( )[| 7 A W
I - i
W, :
I
I
I
UJC< : v e an
wp/2
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Dual-cavity DRO in nanosecond regime

e DRO with separate signal and idler cavities:
Cavity lengths can be adjusted independently

Parametric gain bandwidth

[
Egl
A
£
€ |t Uzu
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Vernier spectral filtering in pulsed dual-cavity DROs

e Dual-cavity doubly resonant OPO (DRO): Aw, = (1 - AL/L) Aw,
Cavity lengths can be adjusted independently
Proper adjustment of the cavity dissociation = a single signal-idler mode pair can oscillate - single-mode emission
Other pairs of modes do not sufficiently overlap to oscillate

No insertion loss = low oscillation threshold
Scherrer et al, J. Opt. Soc. Am. B 17 (2000) 1716
ONERA (France)

1 ; : M. Lefebvre
M1 M3 Parametric galn bandwil t Source: ONERA
w
Aw,
*)Hw

......Vm

(S
!%
=t
£ Fé
'E%f
L —— ——)

AN __8

N
)

wp/2 : : : : : : : PES

T
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Application example: water vapour and isotopes (H,O/HDO) LIDAR at 1982 nm

VVAVIL
A-meter _.
ON/OFF- =
Pump: switching Beam | 4 1
Nd:YAG expander
1.064 um $ j
150 %@ iy 2K
v
1.98 ym (ca. 5 mJ
[ > >
N2 =i Q S —= = S
<1 mJ <70 mJ PPKTP (type 0)
& 4 | A=
< > 25 cm telescope
S %

Delay line

Detector (InGaAs PIN + AMP)
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Application example: water vapour and isotopes (H,O/HDO) LIDAR at 1982 nm

- @=s  WaVIL lidar integrated into LSCE’s

= Lidar emission

= WA — - ’i“» Instrumented truck
’ ) BE—am . '
=17\ \\ 1 OPO + OPA W Ump IjaS\e'f

~

Telescope
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Application example: water vapour and isotopes (H20/HDO) LIDAR at 1982 nm

0.011

2.0 < T
=== RS ‘\. Az=150m Az=600m ! Az=600m

~#= DIAL > Radio- o

10 - 1 5 = in situ “~. sonde : :

. ~ ] 1

— H;0 = P

X o

g 1 3 Ay

Q 1 0 ] ]
@ < i

4 E DIAL P

—_— ] 1

o

01 o [ |

2 D o

o) T 05' : 1

P

[

] 1

] 1

] ]

1 1

/\ Ground

1' . 0 0- ‘,* reference

19820 19625 19630 19835 6133 45 6 05101520 -500-350 6 250
9 Mixing ratio (g/kg) VMR (ppmv) 6D (%o)

*J. Hamperl, et al., Opt. Express, OE 30, 47199-47215 (2022).
O 25-min integration time (150 Hz)

WAVI I_ O Issue of HDO measurement sensitivity
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Technological maturation and on-board systems .Lemon

Aulti-species greenhouse gases
ation iNstrument

o

Housing1 | :
T signal 1.98 um 3 Housing 2 | N 2
OPOs ; . NesCOPO 1 ider220um | L. Delay line i 5X5 mm = . , , . . ;
i / ys H | 4 \ i
' , L = K B . 7 > E B5d e a2 = | |
= M2 o N L aperture > * Zgna] z:f b k
: s ignal = nm *
L\ S S - K: g )I 0 A T pumpdispatch - PPKTPcrystals & of—F—F—7 4
N2 ‘ signal 2.05 um i E E i Q
' NesCOPO2 iger221um | | < ; 3 >
NN 200 1 N = }-—- i s 151 . — . | i
- 4 too i © *
£ NA:YAG (AMP.) 200m) || PPKTP OPA Y : S
n g 1 ‘;, ; 7 ‘ (,-) 10 4 | * |
o 74 '8 ES
P | \r—1 2 — R Q 5. A
N | L | — e =
Pockels BP Nd:YAG (OSC.) ~ 40 m) 5 ! ! ! | ! !
to emission telescope 40 60 80 100 120 140 160
¢ Total pump input in OPAs (mJ)

Design and integration ~ 3 years
Up to 30% efficiency

M2<1.6

25 mJ for signal wave alone

>INNOLAS

|
~ Fraunhofer
ILT

ONERA
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Technological maturation and on-board systems

“lli" "-mll

W

Airborne qualified

O Telescope: 30 cm

d Detector: InGaAs PIN + TIA (BW: 3.5 MHz,
NEP = 1.3 pW/VHz)

O Emission: 10 ns, 10 mJ, 75 Hz (2 X pulse)
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Main approach for nanosecond OPOs line-narrowing

variable

Pump laser at}fnuator 1 Injection-seeded
o . . groag LS PP S v |
e Injection seeding by a single-frequency cw laser "‘W'@?—’ S H =500 mm
Cptial coL D \S ____ pamP: Sisi"d;ll‘il
e Insertion of intracavity wavelength selective elements orelo NASA (USA) oPo \
tuning mirror
Univ. Otago (New Zealand)
M M-
e Vernier spectral filtering with a dual cavity doubly resonant scheme 7 My |
z b
‘ ...still have to deal with high mechanical stability
requirements ONERA (France)
Electrode
A well-known solution from the laser _ Gratin s
@ _ A Wy 9 e
world is the DFB laser e e e
) (a) ‘\A-:!Iive layer
= No cavity - e A3
= Single frequency emission , . _ ,
. Fi | th tuni R. Hui, M. O’Sullivan, Fiber-Optic
Ine waveleng uning Measurement Techniques (Second
(b) ' Edition), Academic Press, 2023
EX
e ONERA 10 68
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Backward-wave OPO (BWOPO)

Nonlinear analog of the distributed feedback (DFB) laser
QPM condition such as one of the generated wave is contra-propagating

Two counter-propagating parametric waves are present - positive feedback = oscillation

No need of any additional cavity - mirrorless device

Intrinsical Iy narrow-band PROPOSED BACKWARD WAVE OSCILLATION IN THE INFRARED*

Proposed by Harris in 1966 5. E. Harris

(parametric oscillation; birefrings i 1 feedback; Department of Electrical Engineering
nonlinear optics; T) Stanford University, Stanford, California
{Received 13 June 1966)

+x(2) _x(z)
Harris, Appl. Phys. Lett. 9 (1966) 114-116

Pump

> Signal
» Depl P
idler T epleted Pump
k, k;
P > — > A =1/K QPM period ~ 0.5 pm

= Short-period periodically poled Rb:KTiOPO, - first experiment reported by Canalias and Pasiskevicius in 2007 at KTH

Canalias & Pasiskevicius, Nature Photon 1 (2007) 459-462
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i _:':l.‘l

. AALAA LA e —

Backward-wave OPO pump tuning [ AR ARAEHAH Y 5
fbarkwami,l zn ) {(forward)
Main A tuning lever = pump tuning
Vp
an
=1+c¢

vy,
and e~ 103 ‘ v

avb

= —¢
avp ”
Canalias & Pasiskevicius, Nature Photon 1 (2007) 459-462 time .

‘ Forward : Spectrally shifted pump replica
=  Fourier transform (FT) limited if pump is FT limited

‘ Backward : FT limited
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Pump-tuning: experiment ump_

;: Signal

Idler | i _
{backward) ‘7" {forward)
15 - |—— Pump @ 1030 nm (Experimental) ] K=
10}
S |

L

Detuning Frequency [GHz]

5. ]
0 100 200 300 400 500 600
Time [s]
15 - —Forward Signal (@ 1981 nm (Expenmental)| - 15  |—— Backward Idler (@ 2145 nm tExperimemalﬂ

£ \ R

S, \ S

=, 10 - 1 10+

S \/ g 23 mm long

Y u

= = BWOPO

25 2 57

E il F

&0 ‘ 50

= I8 M”!” 11 ‘ g

S () mawwammwas WA E () Wy o Aty S g 47 gty A~ R At
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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
= Difference-frequency generation: conversion efficiency and acceptance
= Phase- and quasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
= Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
» Picosecond to femtosecond regime

Conclusion
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Parametric sources in pico-femtosecond regime

Single-pass yield is sufficient to implement efficient sources

Typical scheme Angle tuned
narrow-band OPA

Tunable signal I
od o o

Tunable

delay line Broadband

supercontinuum

—
generation (“white

05 — light)

Amplified j\ > ) /AN /
femtosecond laser /4

« Used for various applications including pump-probe spectroscopy, fundamental physics, nonlinear
microscopy, optical diagnostics (reactive-flow thermometry)
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Scaling up peak power / pulse energy

OPCPA

Optical parametric chirped pulse amplification High-intensity

pulse

Femtosecond oscillator OPA p \
» Broadband spectrum 5[ Stretcher ]ﬁl A2 Compressor =%

* Low energy

Pump laser
* Narrow spectrum y
» High energy

» Enables to reach very high peak power (terawatt, petawatt)
« Used in high-field physics, high-order harmonic generation (HHG) — attophysics*

*Yesterday’s presentation by Anne L'Huillier
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Group velocity effects

Pulses are shorter than crystals
e 1ps X c=300um;10fs X ¢ =3 um

« The pulses shift relative to each other as they propagate through the nonlinear crystal due to differences in
group velocity, this is referred as temporal walk-off
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mm) \What if we want to make a short-pulse OPO?
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OPO in picosecond-femtosecond regime

Principle of synchronous pumping:

Mode-locked laser Synchronously-pumped oPO /972!

) ji idler

AN A

Synchronism condition: L., = Lopo

e

\4
\ 4

a

» Picosecond regime: a simple mechanical adjustment of the OPO cavity length is usually sufficient
 Femtosecond regime: A (piezo) servo-locking is generally required to ensure proper operation
» Fairly good technological maturity, several commercial products available
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Synchronously-pumped OPO at degeneracy

Generation of an ultra-broadband octave-spanning spectrum

Ru et al, Opt. Lett. 46 (2021) 709 : last result : 3-12 um, i.e. 2 octaves
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* Frequency comb

« Mutual-coherence properties with the pump field

« Applications in spectroscopy and metrology

« Can be duplicated for dual-comb spectroscopy

« Also used for random number generation and Ising machine
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Nonlinear parametric optics

1. Principles of three-wave mixing
= Nonlinear response
= Difference-frequency generation: conversion efficiency and acceptance
= Phase- and guasi-phase-matching

2. Parametric amplification, generation, and oscillation
= Parametric amplification and reconversion effects
= Parametric fluorescence
= Parametric oscillation, variations of OPO schemes

3. Implementations and related applications
= Continuous-wave regime
= Nanosecond regime, spectral content issues
= Picosecond to femtosecond regime

Conclusion
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Conclusion

Parametric sources enable to generate coherent light in spectral ranges that are poorly or not
covered by direct laser emission lasers or in a different temporal regime

They can cover temporal regimes from continuous-wave emission to ultrashort pulses

Today, it is a unique device to control the properties of coherent light in any part of the spectrum,
with a sufficient optical-optical efficiency

These unique properties make them highly relevant for various applications such as gas
sensing or infrared countermeasures as well as for fundamental science spanning from
guantum optics to strong-field physics
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