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Accord de phase

Sans accord de phase, les interactions non linéaires multi-
photons ne conduisent pas à une génération de fréquences 
efficace sur une grandes distances de propagation.



3

Accord de phase

L’accord de phase peut être 
obtenu par :

•  Biréfringence ;

•  Modulation spatiale des propriétés linéaires ou non 
linéaires (Quasi-Phase Matching, QPM) ;

•  Longueur de couplage dans des guides parallèles 
(Coupling Length Phase Matching, CLPM).
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Structuration de���
matériaux non linéaires

OP-GaAs

HVPE

Grisard et al., Opt.. Express 8, 1020 (2012)

PPLN

Driscoll et al., Opt. Express 20, 9227 (2012)

Guides modulés
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CLPM���
(Coupling Phase Matching)
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Waveguide (a)

Waveguide (b)

•  Autre alternative de QPM ne nécessitant aucune structuration
 périodique ;

•  Uniquement 2 guides d’onde parallèles suffisamment proche  
pour permettre un couplage évanescent.

I. Biaggio, et al., PRA 90, 043816 (2014)
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FIG. 3. Photograph of the motion of walls of a stripe domain.

positions of domains and domain walls in a conventional
garnet film, recorded at intervals of 100 nsec. The
motion of domain walls was due to the application of a
homogeneous magnetic field pulse simultaneously with
a series of light pulses. The photographs made it pos 
sible to determine the velocity of domain walls, which
was ~103 cm/ sec.

The apparatus of this kind made it possible to obtain
multiframe records of periodic and nonperiodic motion
of domains and domain walls in real time.
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The example of second harmonic generation is used in an analysis of the nonlinear interaction of waves in
coupled optical waveguides. New types of phase matching are suggested and these may have advantages over
the phase matching mechanisms in single waveguides. The new types of phase matching are found to be
common to systems in which coupled modes interact.

PACS numbers: 42.65.Cq, 42.80.Lt

When surface waves interact nonlinearly in a thin 
film isotropic optical waveguide, the condition of phase
matching can be satisfied by compensating the frequency
dispersion of the effective refractive indices by the in 
crements in these indices resulting from a change in the
order or type of surface wave.1 If the waveguide ma 
terial can ensure birefringence, then modes of the same
order and type can be phase matched in such a wave 
guide .

We shall show that in coupled waveguides (F ig. 1) we
can also ensure phase matched nonlinear interaction
between modes of the same order and type even if the
waveguide material is not birefringent. This in terac 
tion may be more effective than between modes of dif 
ferent order because of the greater overlap of the fields
at different frequencies in planar isotropic waveguides.

We shall assume that radiation of frequency ω is di 
rected into a waveguide 0 and then automatically t ran s 
ferred to a waveguide 1. In general, if the materials
of both waveguides are nonlinear, then the second har 
monic is generated in each of them (Fig. 1) and energy
is transferred continuously at the frequency ω from one
waveguide to the other. A suitable selection of the

waveguide length can ensure that the radiation of fre 
quency ω emerges only from just one waveguide.

The interaction of a mode in the waveguide 0 with fre 
quency ω and effective refractive index ηω 0 and of a
mode in the waveguide 1 with the same frequency and
an effective refractive index ηω1 results in splitting
of the values of na 0 λ in each waveguide into two com 
ponents: η£0=ηω:0+αα/ 2±γω, where γω = (α£/ 4

 η^)8Uii(x)SZ,0(x)dx is the coupling coefficient of the
waveguides;2 5U iOjλ(χ) is the transverse distribution of
fields in waveguides 0 and 1; τζω is the refractive index
of the medium between the waveguides. If the coupling
between the waveguides is still strong at the second
harmonic frequency ( Ια 2 ωΙ=  \n2uA  n2iili0\~K2J, then
n?J,o = n2lj):0+a2j2± r2u.

, ω.2a

Waveguide 0 ω.2ω

FIG. 1. Coupled waveguides.
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Formalisme général

CLPM peut être utilisé pour n’importe quel type de conversions de 
fréquences.

•  Second ordre : Somme ou différence de fréquences, 
amplification paramétrique

•  Troisième ordre : Génération de troisième harmonique, 
génération par différence de fréquence par mélange à quatre onde 
quasi-dégénéré
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CLPM du 3ème ordre

k2

k1

k1 = 2k2 – k3

k1 ≠ 2k2 – k3

k2

k3

Dans le vide :

Dans le matériau :
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CLPM du 3ème ordre

k2

k1

k1 = 2k2 – k3

k2

k3

Dans le vide :

Dans le matériau :

k1 = 2k2 – k3 + 𝜿1 – 𝜿3

𝜿1
𝜿3
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CLPM : formalisme

Fonction croissante !

Système d’équations 
couplées des amplitudes
des modes dans le guide (a) : 

Solution analytique de l’évolution du champ généré (pompes non 
déplétées) :

7

FIG. 6. Spatial evolution of the absolute values of the DFG
wave amplitudes under the CLPM condition K1 = K2 = 0
(row 5 in Table I) in parallel waveguides of length L. The
curves are obtained as in Fig. 3 and for the same nonlinearity.
Panels (a) and (b) give the amplitudes, in waveguide a, of the
pump waves at frequency !3 and !2, respectively. The am-
plitude of the generated di↵erence frequency wave is shown
for both waveguides in (c) and (d), respectively. The solid
curves are all in the pump depletion regime. The black dot-
ted curve in (c) corresponds to the analytical solution in the
undepleted regime according to Eqs. (19) and (20). For these

plots Ã ⌘ |A(a)
3,0A

(a)
2,0|1/2, �kL = 1L = 200, 2L = 3L = 60,

and LdÃ = 2.

close to each other. The corresponding evolution of the
normalized wave amplitudes is illustrated in Fig. 6. It is
evident that in this case essentially all the photons at the
frequency !3 can be ultimately converted to photons at
frequency !1, distributed equally between the two waveg-
uides, which leads to a maximum photon-conversion ef-
ficiency of ⇠ 100% (see the discussion of conversion ef-
ficiency later in this article). The undepleted solution
given by (19) and (20) is still satisfactory up to about
half the distance at which full depletion of the pump oc-
curs.

We conclude this discussion of second-order e↵ects by
noting that, while we have only explicitly treated the
cases of SFG and DFG, the CLPM conditions in table
I are valid in general for any second-order three-wave
interaction, and they can also be used to realize phase
matched optical parametric generation or optical para-
metric amplification in two coupled waveguides.

D. Frequency down-conversion by third-order
nonlinear optics

We now analyze the use of a third-order nonlinear opti-
cal material to generate a longer wavelength wave by the
third-order interaction of two waves with shorter wave-
lengths. Here, two waves at frequencies !3 > !2 generate
a wave at frequency !1 = 2!2 � !3 through the third-
order susceptibility �

(3)(�!1,!2,!2,�!3). The third-
order polarization created by such a process is given by
(3) and, in the same notation that we used above, the
coupled-wave equations that describe the third-order in-
teraction between these three waves are

@

@z

A

(a)
3 = i�A

(a)
1

⇤
[A(a)

2 ]2e�i�k z + i3A
(b)
3 , (21)

@

@z

A

(a)
2 = 2 i�A

(a)
1 A

(a)
2

⇤
A

(a)
3 e

i�k z + i2A
(b)
2 , (22)

@

@z

A

(a)
1 = i�[A(a)

2 ]2A(a)
3

⇤
e

�i�k z + i1A
(b)
1 , (23)

where �k = k3 � 2k2 + k1 is the wavevector mismatch,

� =
3

8

�

(3)
eff

c

s
!1!

2
2!3

n1n
2
2n3

S (24)

is the e↵ective nonlinear optical coupling constant for this
third-order interaction, and S is an overlap integral simi-
lar to (9) but involving one additional term. For the pro-
cess of interest here, the wave at frequency !1 is initially
zero and grows because of energy transfer from the other
two waves. We again assume that the energy in the two
pump waves is initially injected in one waveguide, and
follow the same procedure outlined earlier for the case of
second-order nonlinearities to find the z-dependence of
the signal wave in the undepleted pump approximation.

The two coupled equations for the amplitudes A

(a)
1 and

A

(b)
1 are

@

@z

A

(a)
1 =

i�

8
e

�i(22+3)z(ei22z + 1)2(ei23z + 1)

⇥e

�i�kz
A

2
2,0A3,0 + i1A

(b)
1 , (25)

@

@z

A

(b)
1 = � i�

8
e

�i(22+3)z(ei22z � 1)2(ei23z � 1)

⇥e

�i�kz
A

2
2,0A3,0 + i1A

(a)
1 , (26)

where sine and cosine functions have again been ex-

pressed in exponential form. The solution for A

(a)
1 (z)

is

A

(a)
1 (z) =

�

8
A

2
2,0A

⇤
3,0 ⇠

(3)(z). (27)

After substituting (4) and (24) one finds

E

(a,!1)(z) =
3�(3)

eff!1

64cn1

h
E

(a,!2)
0

i2 h
E

(a,!3)
0

i⇤
⇠

(3)(z),

(28)
with

⇠

(3)(z) =


2
1 � 22

2 + 13 + (21 + 3)�k +�k

2

K1K3K5
4ei1z

�

2
1 � 22

2 + 13 � (21 + 3)�k +�k

2

K2K4K6
4e�i1z

�2ei(1�K1)z

K1
+

2e�i(1�K2)z

K2

�e

i(1�K3)z

K3
+

e

�i(1�K4)z

K4

�e

i(1�K5)z

K5
+

e

�i(1�K6)z

K6
, (29)

and

K1 = 1 � 3 +�k, (30)

K2 = 1 � 3 ��k, (31)

K3 = 1 � 22 + 3 +�k, (32)

K4 = 1 � 22 + 3 ��k, (33)

K5 = 1 + 22 + 3 +�k, (34)

K6 = 1 + 22 + 3 ��k. (35)

Here we see that the third-order interaction can be
described with the exact same methodology we followed
for the second-order interaction. The CLPM conditions

Désaccord de phase :
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CLPM : formalisme

Conditions CLPM :



12

CLPM : exemple

Solution analytique 
(pompes non dépéltées)

Solution numérique
(pompes dépéltées)

9

TABLE III. CLPM conditions for a third-order interaction generating a wave !1 = 2!2 � !3 in two coupled waveguides. The

maximum photon-conversion e�ciency ⌘(3)
max in the depleted regime is also given.

CLPM rule E↵ective condition lim
z!1

[⇠(3)/z] ⌘(3)
max(%)

1 K↵ = 0 ⌥�k = 1 � 3 2ie±i1z ⇠ 100
2 K� = 0 ⌥�k = 1 � 22 + 3 ie±i1z ⇠ 50
3 K� = 0 ⌥�k = 1 + 22 + 3 ie±i1z ⇠ 50

4 K↵ = K� = 0

⇢
±�k = �1 + 2,2 = 3

±�k = 2 � 3,1 = 2

3ie±i1z

ie⌥i1z + 2i cos(1z)
⇠ 80
⇠ 86

5 K↵ = K� = 0

⇢
±�k = 1,2 = 3 = 0
±�k = 3,1 = 2 = 0

4ie⌥i1z

4i
⇠ 100
⇠ 100

6 K� = K� = 0

⇢
±�k = 1 + 3,2 = 0
±�k = 22,1 = 3 = 0

2ie⌥i1z

2i
⇠ 100
⇠ 50

7 Several �k = 1 = 2 = 3 = 0 8i 100

sponds to a photon-conversion e�ciency ⌘SH = 100%.
In addition, the classical theory does not predict any
nonlinear back-conversion to the fundamental frequency
after this state has been reached, because the direction
of energy flow between the two interacting waves is de-
termined only by their respective phase shifts, which do
not change during propagation.

Fig. 8 shows the propagation length dependence of
the photon-conversion e�ciency, ⌘SH , for SHG in parallel
waveguides using the first CLPM case listed in Table II.
In this case, ⌘SH reaches essentially 100%, like in the case
of an individual uncoupled waveguide, or bulk crystal
under perfect phase matching, but a small portion of the
fundamental wave is left over. As propagation continues,
the fundamental wave is recreated again in full, depleting
the SH wave back to zero, and then the process starts
again, creating the periodic behavior shown in the figure,
which is not predicted for standard phase matched SHG.
However, it is interesting to note that the oscillations
observed for CLPM in coupled waveguides are similar to
the behavior predicted by a quantum mechanical analysis
of SHG [? ], where vacuum fluctuations and spontaneous
emission processes produce an accumulated phase shift
between the interacting waves that ultimately leads to
the reversal of the direction of energy flow between the
two waves. In our purely classical process the phase
shifts are associated to the coupling between the
waveguides. This sentence does not convince me

fully.

The periodic modulation of the frequency conversion
e�ciency observed in the CLPM case (Fig. 8a) is due
to the fact that CLPM phase matching is achieved by
compensating the phase di↵erences accumulated during
propagation in a waveguide with the phase di↵erences
accumulated because of the fields oscillating between the
two waveguides, which makes the process also dependent
on the distribution of field amplitudes between the two
waveguides. While the analytical results we presented
earlier show that the CLPM conditions correspond to
complete phase matching, pump depletion can lead to
a power distribution between the two waveguides that

FIG. 8. Periodic behavior of second-harmonic generation in
the pump depletion regime. (a) Dependence of the photon-
conversion e�ciency ⌘SH on propagation distance under the
CLPM condition in the first line of Table II (�k = 3). (b)
Evolution of the corresponding total normalized pump wave

photon intensity, where I!(z) / |A(a)
1 (z)|2 + |A(b)

1 (z)|2 and

I!(z = 0) / |A(a)
1 (0)|2. The inset in (b) shows the photon in-

tensity of the fundamental wave in each individual waveguide
around the point of maximum pump depletion. The param-
eters are as in Fig. 5, �kL0 = 3L0 = 40, 1L0 = 120, and

L0d = 2/|A(a)
1,0|.

does not support further conversion. In general, this
state is characterized by a pump wave becoming equally
distributed between the two waveguides. For the SHG
example discussed above, this has a negligible e↵ect on
the maximum photon-conversion e�ciency; but when
the maximal ⌘

SH ⇠ 100% is reached, there is still a
small remnant fundamental wave amplitude oscillating
between the two waveguides. With further propagation,
this remnant wave then seeds a reverse conversion pro-
cess 2!�! ! !, which is also phase matched and is de-
scribed by the same CLPM condition and coupled wave
equations that lead to SHG conversion in the first place.
The (phase matched) reverse process then “explodes”,
recreating the fundamental with almost 100% e�ciency,
and the whole cycle repeats.

We find that all the CLPM phase matching processes
studied in this work exhibit a periodic modulation of
the photon-conversion e�ciency in the depleted pump
regime; in some cases the maximum e�ciency observed
is very close to the ideal case for a given nonlinear opti-
cal process, in some other cases it is not. To character-
ize the e↵ectiveness of the CLPM process we defined a
photon-conversion e�ciency for all frequency conversion
processes we considered. In all cases, our initial condi-
tion was the practically interesting one of all pump waves
injected in one of the two waveguides, with the gener-
ated wave starting at zero amplitude. We defined the
photon-conversion e�ciencies as the number of photons

100% d’efficacité maximale
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CLPM : Applications
•  Troisième ordre : : Réalisation de source dans le moyen-

infrarouge dans des fibres à deux cœurs ou microstructurées

•  Second ordre : Réalisation de source dans le moyen-infrarouge 
avec du GaAs par différence de fréquences (possibilité de varier la 
distance entre les guides pour réaliser une source accordable)

ω1= 10 µm 
ω2= 2 µm 
ω3= 2,5 µm 

Solution CLPM   
envisageable : 

Δk=κ1+κ2-κ3
Δk≈75mm-1 G

aA
s

G
aA

s

Al
G
aA

s

Al
G
aA

s

Al
G
aA

s

ω1=ω3-ω2

ω1=2ω2-ω3
Laser @ λ3=1550 nm

Laser @ λ2=1064 nm
Fibre à deux coeurs Source @ λ1=2,85 µm
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Conclusions

•  Possibilité d’obtenir un quasi-accord de phase avec un coupleur (=2 
guides d’onde proches parallèles) sans modulation des propriétés 
linéaires ou non linéaires du matériau dans la longueur.

•  Accord de phase possible pour un processus à 3 ondes pour 
n’importe quel processus non linéaire d’ordre 2 (SHG, 
amplification paramétrique, …) ou d’ordre 3 (par exemple comme 
le cas traité de la différence de fréquences avec ω1=ω3-ω2).

•   Maximum de photon convertis pouvant atteindre 50% ou 100% 
(selon la configuration CLPM).
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Merci de votre attention !

…et merci aussi à Wikipédia (pour ses images de l’introduction) !


