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Chapter

Introduction to nonlinear optics

This first chapter provides an introduction to the optical nonlinear effects. The origin of the
nonlinearities is described through a standard model based on the classical anharmonic oscillator,
which allows to derive approximated relations for the linear and nonlinear susceptibilities in the
vicinity of an energy transition of the medium. Finally various nonlinear effects, to be studied
in more details in the next chapters, will be introduced.
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2 1 INTRODUCTION TO NONLINEAR OPTICS

1.1 Learning outcomes

The learning outcomes of this chapter are the following:

By the end of this chapter, students will be able to:
e provide a classical description for the origin of the nonlinear susceptibilities,
e cite the principal nonlinear effects that arise in a 2nd and 3rd order nonlinear materials,

e derive the relation between the macroscopic polarization and the electric field (the so-called
constitutive relations of nonlinear optics).

By the end of this chapter, students will be start to understand:

e the capability of light matter interactions in modifying light properties : frequency gener-
ation, optical rectification...,

e how perturbative models can be used to describe and derive a nonlinear problem in physics,

e the link between the microscopic and macroscopic terms in Maxwell’s equations (induced
dipole, macroscopic polarization and fields).

1.2 Basics of nonlinear optics

In the following, a dielectric material is considered, which is composed of microscopic entities
(atoms, molecules, ions...). The medium is then described as a collection of electric dipoles which,
under the action of an external oscillating electric field &£, oscillate and radiate collectively a
source term called the macroscopic polarization P.

Nonlinear optical effects occur when the macroscopic polarization P magnitude is no longer
proportional to the applied electric field amplitude €. The polarization P is the source term
that is included into the Maxwell’s equations to describe the propagation of electromagnetic
fields in a medium.

The relationship between P and £ takes generally a complicated form. A first attempt
consists in considering that both the nonlinear polarization and the electric field keep the same
polarization state, allowing a scalar description respectively denoted P and £. A second as-
sumption considers an instantaneous response of the material. Vectorial relations that take into
account the finite time response of the material will be introduced in chapter 2. Under these
assumptions, the induced polarization can be expanded in terms of a power series in the field
strength:

P(t) = RVE®) + RPEWD)EW) + ROEDER)ER) + -+, (1.1)

where the coefficients R are taken constant as a first approximation. Note that the power
series expansion is valid as long as the amplitude of the incident field is much weaker than the
atomic electric field strength.

Let’s consider an applied monochromatic field at w propagating along the direction z, £(t) =
Acos(wt — kz). The first order term of (1.1) depicts the linear response of the material, with
the generation of a macroscopic polarization term at w:

P (#) = RW A cos(wt — kz).
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By increasing the magnitude of the applied field, the strength of the second order term may
appear no longer negligible. In addition to the linear response, the material will generate a
macroscopic polarization with a second order term P(t) = P () + PA)(t), with:

©))
PO (1) = R® A? cos?(wt — kz) = s

A? (1 4 cos(2wt — 2k2)).

The quadratic response of the material induces a polarization term at frequencies equal to 0 and
2w. One can anticipate the possibility to generate inside the material a static field and a novel
beam at twice the frequency of the applied field. These nonlinear interactions refer respectively
to the optical rectification effect and the second harmonic generation effect that will be
studied in details in chapter 4.

A more general situation consider the interaction of two waves at w; and wy that leads, in
addition to terms at 0, 2w; and 2ws, to polarization terms at ws = w; Fwy. These terms originate
from the experimental observation of a beam at either the sum- or the difference-frequency
of the two incident beam frequencies !

The consequence of the 3rd order nonlinear response in (1.1), assuming a single applied fied
at w, yields:

3 3
PO (t) = R®) A3 cos®(wt — kz) = R(B)% cos(wt — kz) + R(3)AT cos(3wt — 3kz),

as a third order polarization term. It shows the possibility of a third-harmonic generation
following the propagation of a beam at w inside a material. Interestingly, an additional po-
larization term at w is expected. This term clearly differs from the linear contribution as it
is proportional to the cube of the applied field amplitudes and denotes its nonlinear behavior.
Actually, the polarisation term at w is the sum of the linear and third order terms:

A2
P(t) = <R(1) + R(3)34> Acos(wt — kz),

showing that the propagation of an optical beam through a material may induce a modification
of its linear properties, namely the refractive index and the absorption. The modification of the
refractive index leads to the so called optical Kerr effects that will be studied in section 5.4.

The relationship between the incident electric field and the macroscopic polarization will be
described in more details, especially the determination of the nonlinear susceptibilities and their
relations to the coefficients R(). However, the expansion of the material response subject to
an optical field excitation in a power series of the field strength provide physical insights in the
variety of nonlinear effects and applications of nonlinear optics.

(Comment: A

Nonlinear interactions are governed by nonlinear coefficients, which are related to the
material properties as it will be clarified in the next section, and by the magnitude of the
optical field amplitudes. The latter means that nonlinear effects are governed by the
optical beam intensities, so the power density per unit of surface, as the intensity is
@roportional to field amplitude square. )

1.3 Physical origins of the optical nonlinearities

Basic concepts of nonlinear optics can be introduced using simple models that lead to a relation-
ship between the applied field strength and the induced polarization in metals or plasma-gas,
and in dielectric media. In the case of metals or plasma-gas, the model presented in appendix A
describes the motion of a free charge gas subject to the Lorentz force induced by an electromag-
netic wave. For dielectric media, a classical model that describes the motion of bound charges
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Fig. 1.1. Classical description of
the dipolar interaction between an ap-
plied electromagnetic field and polarized

entity. E pll AN

| U‘ \/ k‘,' U |

B e

o

fime fime

Induced Dipole

(electrons) under the action of an external field gives rise to the determination of relationships
for the induced dipole and for the macroscopic polarization. This model is presented in details
below.

In the linear regime, both models allow to retrieve expressions of the conductivity for metals
and the susceptibility for dielectric medium. Beside the simplicity of those models, they allow
the prediction of most of the nonlinear effects to be studied in more details in the following part
of the course.

1.3.1 Classical anharmonic oscillator model

A linearly polarized plane wave at w is propagating through a dielectric material. It interacts
with the atoms or the molecules that constitute the material and induces a polarization P(z,t):

P(z,t) = Np(z,t), (1.2)

where p(z,t) is the induced microscopic dipole and N the density of atoms or molecules. Ac-
cording to a classical description of this interaction, depicted in Fig. 1.1, the dipole originates
from the modification of the trajectories of the valence electrons induced by the time varying
external field through the Coulomb force. The motion of the ion cores is neglected.

Subsequently, the field amplitude of the linearly polarized monochromatic plane wave, which
propagates along the direction (Oz) with a wavevector k, is given by :

8(Z,t) = [A(w)e—z(wt—kz)_i_A(_w)e-&-z(wt—kz)} x,
= E(w)efz“”‘/ + _E(_w)e+u,.)t7

where vector @ indicates the direction of polarization of the wave. The electric field &£(z,t)
is assumed to be a purely real quantity. In the following, the conjugate of the complex field
amplitude E(w) will be denoted by :

Ew)" = E(—w) (1.3)

Notation :
e &(z,t) is a purely real quantity,

o E(w)* = E(—w) is the complex conjugate of the complex field amplitude E(w)

For the sake of simplicity, we are considering an entity (atoms or molecules) with a single
valence electron, with a uniaxial & motion induced by an external electric field linearly polarized
along the x direction. The expression of the induced dipole is :

p(z,t) = —ex(z,t)x, (1.4)

where the quantity —e is the charge of one electron and the function z(z,t) represents the
instantaneous position of the electron. Its position is given with respect to its equilibrium
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position (no applied field). In order to get an expression for the polarization P(z,t) induced by
a given external field £(z,t), one can solve the following equation of motion for the electron:

d’x dx

az
Conversely to the case of classical harmonic oscillator, we have voluntarily introduced restoring
force terms that nonlinearly depend on the coordinate x(z,t). Actually, the expression w%x +
B2 + 3 + - - corresponds to the Taylor expansion of the restoring force. The right hand side
term of (1.5) describes the driven Coulomb force. Considering the case of a dilute material, the
local field is assumed to be equal to the macroscopic external field £(z, ).

In general, this equation does not have an analytical solution with a simple expression.
However, taking into account that the harmonic term w%x dominates the anharmonic ones, the
equation can be solved by means of a perturbation method for which the general solution takes
the form:

—e
+w§x+6w2—|—’yaz3+-~:Ew'é’(z,t). (1.5)

=M 4+ X22@ 1 \3:0) 4 (1.6)
where A is a parameter set between 0 and 1. Using such a perturbative approach, one can derive
the expressions for the linear and nonlinear polarizations.

Linear polarization

Firstly, the anharmonicity terms are neglected (not included) and the equation of motion be-
comes:

d? d -
W;: + ad—? + wiz = E@ [A(w)e_z(‘”t_kz) + A(—w)e“(“t_kz)] T T. (1.7)
One solution of the driven regime (steady-state solution) takes the following form:
W (z,1) = a(w)e Wk 4 g(—w)etr@i=k), (1.8)
Substituting (1.8) in (1.7) gives:
o(w) = —eA(w)
 mD(w)’

with D(w) = w? — w? — 1aw. Following the form of the driven solution (1.8), the induced dipole
is directly proportional to the applied electric field :

pW(z,t) = aM(w)A(w)e " WFg 4 CC,

e2

with o) = D) the first order polarizability (or linear polarizability) of the entity. If we

assume that all the dipoles are identical and aligned along the single direction x, and since the
linear susceptibility is defined by the relation

P (z,t) = eoxV(w) E(w)e ™ + CC,

one can find an expression of the linear susceptibility of the material :

Ne?

2

(1) -
X eom(wi — w? —1aw)’

(1.9)

The susceptibility is a complex quantity. The real part of the susceptibility is related to
the dispersion of the material (the refractive index), while its imaginary part is related to the
absorption (or gain) coefficient. The figure 1.2 show the typical behavior of these two parts
around the resonance frequency wy.

As a first conclusion, we can say that the harmonic oscillator model well described the
behavior of the linear susceptibility : we were able to recover the well known shape of the
dispersive and absorption behavior of a material near to a resonance.
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Fig. 1.2. Real and imaginary parts of the linear suscep-
tibility around the frequency wp.
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2nd order nonlinear polarization

The quadratic anharmonic term of the restoring force is now introduced in the equation of
motion of the oscillator :
d’x dx

+

ar 2 2_"%.
72 7 +whx + P = —x E(z,t). (1.10)

Considering a weak applied electric field, the quadratic term of the restoring force will be kept
much smaller than the linear term. Assuming that Sa? < w%:p, one seeks a solution of the form:

z(z,t) = AaW(z, ) + N2 (z,t) + - -, (1.11)

where A represents the strength of the perturbation and can be arbitrarily set between 0 and 1.
This solution is substituted in (1.10), and considering that z(!) is the solution of (1.7), we find
that z® is solution of the equation :

d?z®?) dz?

2
oTE +a pm +w3x(2):—ﬁ(a§(1)) . (1.12)

This equation describes the motion of a harmonic oscillator with a driven force proportional

2 . . T .
to (x(l)) , which contains oscillating terms at the frequencies +£2w and 0. One can seek a
steady-state solution of the form :

2P (2,t) = b(0) + b(2w)e 2@k 4 p(—9y)et 2 Wik2) (1.13)

After substitution in (1.12) and identification between the terms oscillating at the same fre-
quency, we find the expressions :

28 AP(w)
o(0) = m2D(0)D(w)D(—w)
B —Be? A%(+w)
N2 = D 90V D () D(dw)’

where D(w) = w — w? — 10w.

The expression for the second order induced dipole, which is proportional to x(Q)(z,t), is
then:

pP(z,t) = 20 (W, —w) A(w) A(—w)x + P (W, w) A(w) A(w)e 2@tk 4 CC,
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with
Be?
m?D (w1 + w2)D(w1)D(w2)’
the second order polarizability of the material. Finally, a second order polarization and a second
order nonlinear susceptibility can be defined by:

a® (wi,w2) =

P (z,1) = 260 (0, —w) A(W) A(~w)z + cox P (W, w) A(w) A(w)e )z 4 OC,

with @
YO (w1, we) = M.
€0

The total macroscopic polarization induced inside the material is then given by the sum :

P(z,t) = 'P(l)(z, t) + ’P(z)(z, t)
P2 (0) + P (w)e ™t + PP (2w)e 2t 4+ CC. (1.14)

with :

P2)(0) 2¢0X? (w, —w) E(w)E(—w)x
PA2w) = ex?(w,w)EwW)E(w)x

The macroscopic polarization being generated inside the material contains terms oscillating at
the frequencies w (linear response), w = 0 and +2w.

The expression (1.14) shows that the polarization that is radiated inside the materials con-
tains new frequency components. The term with a frequency component at w = 0 corresponds
to the creation of a static field inside the material. This process is referred to as optical rec-
tification. A second component radiated at the frequency 2w describes the second harmonic
generation (SHG) nonlinear effect. As in the case of the optical rectification, the amplitude of
the polarization is proportionnal to the square of the applied electric field amplitude, which is
the signature of a nonlinear response.

This simple model enables a description of the nonlinear response of dipoles excited by a an
external oscillating electric field. The nonlinear response originates from the anharmonicity in
the restoring force that is no longer proportional to the deformation of the electronic cloud sur-
rounding the nucleus. As the linear susceptibility, the nonlinear interaction can be strengthened
once the frequency of the interacted electric fields is close to a material resonance.

An other comment concerns the wavevector related to the polarization component at 2w,
which is equal to 2k(w). In general, it will differ from the wavevector k(2w) of the electric
field at 2w and freely propagating along the direction z. The value of the wavevector k(2w) is
set through the dispersion relation of the material. However, the phase matching condition, in
this case k(2w) = 2k(w), must be fulfilled in order to efficiently generate a beam at the second
harmonic. If not, the nonlinear polarization at 2w is not radiated in phase with the electric field
at 2w and the second-harmonic beam can not generated.

3rd order nonlinear polarization

Following the second order perturbation, the next step is the case of a dipole governed by a

restoring force that contains a cubic term w%:r + v23. For simplification, we have omitted the

quadratic term in this expression. The equation of motion for such a dipole is then given by :
d’x dx

p —€
W—i—aa + Wiz + 2’ = Eaz-é’(z,t). (1.15)
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Actually, a material with a collection of dipoles governed by such an equation of motion
exhibits a center of symmetry. Indeed, equation (1.15) remains the same after the following
substitution : * =+ —z and F — —F. The medium supports a centro-symmetry.

As in the previous cases, we seek a solution of (1.15) with the form given by (1.6). After
substitution, one can show that the second order steady state solution vanishes and the equation
of motion is reduced to:

d223) dx® 5 (3 3
o +a—— +uwfa® = — (x( )) . (1.16)
The motion is then equivalent to that of a harmonic oscillator driven by an external force
containing terms oscillating at +w and +3w. The derivation of the previous equation exhibits

the following expression for the third-order induced dipole:
PP (2, 1) = 30 (w, —w, W) A(W) A(—w) A(w)e @ F) 40O (w, w, W) A(w) A(w) A(w)e W=k gL OC,
with

4
m3D (w1 + wa + w3)D(w1)D(w2)D(ws)’
the third order polarizability of the material. Assuming that the dipoles are all oriented along
the direction @, the expressions for the third order polarization and third order nonlinear sus-
ceptibility are:
PO (2,1) = 3e0x (W, —w, w) A(W) A(—w) A(w)e @ F) gzt e0 ) (w, w, W) A(w) A(w) A(w)e W=k OO,

with

o® (w1, wo, w3) =

Na®)
X(S)(w17w2,W3) = @ (w17w2,CU3).
€0

The total macroscopic polarization generated inside the material is then given by the sum :

Pz,t) = PUO(,t)+ PO (2 1)
P(w)e ™! + P(3w)e 3™ 4 CC.

and contains terms oscillating at the frequencies w (with both a linear and nonlinear contribu-
tion) and +3w.

The polarization term vibrating at the frequency 43w is responsible for the 3rd harmonic
generation (THG) :

P (3w) = eox®(w, w,w) E(w)E(w)E(w)x

Like the second harmonic generation, this nonlinear effect requires to fulfill a phase matching
condition, which is given by the relation : 3k(w) = k(3w).

For the term vibrating at w, it is interesting to notice that it will affect the linear properties
of the material. Indeed, the complex amplitude of the macroscopic polarization at w is :

PO (w) = 3e0x (w, —w, w) E(w) E(—w) E(w)x

Pw) = PYW)+ P W)
= o XV () + 3P (w, ~w,w) B) E(—w) | B(w)a

= eoxg?f(w)E(w)m.

This relation shows that the nonlinear response of the dipole at w will modify the linear sus-
ceptibility x™)(w) of the material through the quantity 3x®)(w, —w,w)E(w)E(—w). This mod-
ification is directly proportional to the field intensity and affects both the real part, which is
related to the refractive index, and the imaginary part, related to the absorption (or gain). The
modification of the refractive index refers to the optical Kerr effect, while the modification of
the absorption refers to the two-photon absorption effect.
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Nonlinear susceptibilities

In the previous chapter, we have introduced a simple model that provides physical insight in the
origin of the nonlinear interactions. In the case of dielectric media, approximated expressions
for the nonlinear susceptibilities can be derived from the anharmonic classical oscillator model
that describes the motion of bounded electrons subject. Assuming a collection of identical
dipoles, we have been able to give the relations between the macroscopic polarization terms and
the applied optical fields. Hereafter, and considering the finite response time of a material, the
tensorial relation between the interacted electrical fields (vectors) and the nonlinear susceptibility
(tensors) are introduced. The relation between the nonlinear susceptibilities and the impulse
response of the material is demonstrated. The properties of the nonlinear susceptibility tensors
are presented in details, with a focus on their symmetry properties.
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10 2 NONLINEAR SUSCEPTIBILITIES

2.1 Learning outcomes

The learning outcomes of this chapter are the following;:

By the end of this chapter, students will know:

e the relation between the macroscopic polarization and the electric field (the so-called
constitutive relations of nonlinear optics)

e the basic properties of nonlinear susceptibility tensors.
By the end of this chapter, students will be skilled at:

e Manipulating the nonlinear susceptibility tensor components and, with given incident
fields, calculate the components of nonlinear polarisation vector.
2.2 Linear susceptibility

The constitutive relation between the linear polarization P(t) and the incident electric field E(t)
in the frequency domain is given by:

P(w) = eV (@) B(w), ]

where we have introduced the linear susceptibility X(l)(w). One can show that the linear
susceptibility is directly proportional to the Fourier transform of system’s impulse response :

Xuyw)zszF[g“Nw]

A time invariant system implies that the impulse response does not depend on the time of
excitation, but it directly depends on the time delay between the response and the excitation.
This assumption yields:

Pt) = /Rmu—ﬂaﬂm,

€0
= Eo/R(l)(T)g(t—T)dT (2.1)

A causal system implies that §(1)<7‘) =0 for 7 < 0.
The conventions for the Fourier transform that will be used in the course are :

@ Convention for the Fourier transform : h
E(t) = /E(w)e_““tdw
1 “+wwt
Ew)= or E(t)e dt
N m J

The reality of the function ﬁ(l)(t) implies that X(l)(w)* = X(l)(—w). Finally, the causality
property enables to derive the Kramers-Kronig relations that relates the real and imaginary
parts of the linear susceptibility.
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2.3 Nonlinear susceptibility tensors

Following this reminder on the linear propagation regime of electromagnetic waves, we next
study the case of the nonlinear propagation. As in the linear case, it requires to set a general
form for the relation between the macroscopic polarization P and the electric field £. We
consider first an incident electromagnetic field upon a causal and time invariant system with a
nonlinear impulse response. Subsequently, the electric dipole approximation is assumed, which
consists in neglecting the quadripole term in the constitutive relation and the polarization term
is developed in power series expansion of the electric field:

Pt)=PY)+PH)+PI)+---, (2.2)

where P()(t) is a linear function of € (linear response), P (t) is a quadratic function of &
(2nd order nonlinear response), etc. Having defined the nonlinear response of the material in
the time domain, we can write this relation in the frequency domain and define a nonlinear
susceptibility, similarly to the case of a linear susceptibility. The properties of the nonlinear
susceptibility tensors will be presented in details, especially their symmetry properties.

2.3.1 Nonlinear impulse response

A generalization of the linear time response (2.1) applied to the 2nd order yields:

= 60// (t; 71, m2)E(T1)E(T2)dT1dT2, (2.3)

with 2(2) (t; 71, 72) the 2nd order nonlinear impulse response, which is a 3rd order tensor in order
to fully describe the quadratic dependance of the 2nd order nonlinear polarization. For a given
applied field E(t), and assuming a given function 2(2) (t; 11, 72), the relation (2.3) determines the

time evolution of the 3 vectorial components for the second order polarization PR (t), which
is induced by the nonlinear interaction between the incident field and the medium. The ith
component is given by:

P (1) =« Z// i (671, 12)E5(11)Ex (T2)dT1 T2, (2.4)
(4.k)
where Tz(fk) is the component ijk of the tensor 2(2), &ijk and P; i are the three vectorial

components of £ and P.

Properties of the nonlinear pulse response

- Symmetry condition: The tensor 2(2) can be expressed as the summation of a symmetric

and an antisymmetric tensor:

TO) (671, m2) = SGUt 71, 72) + AL (1571, 7)), (2.5)
where .
S = 5 [T( ) (171, ) + Ty (¢ 72,71)]

is a symmetric tensor!, and

1
AZ(])C 3 {T( )(t T1,T2) — Tz(kg)(t 72,7'1)]

15(2)

A7) = St 2, )
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is an antisymmetric tensor?. Substituting (2.5) in (2.4) shows that the antisymmetric
tensor does not contribute to the expression of P; and vanishes. In conclusion, the tensor
7@ ig symmetric and :

T (b1, m2) = Th) (t72,71) (2.6)
- Time invariant response property: As we have assumed a time invariance in the system
response, the impulse response shall not depend on the time of excitation and the equality

Tt + to;1,73) = TP (t; 71 — to, 72 — to)
is valid for any given time ¢. In particular, it is verified for ¢ = 0 and we can write an
impulse response with a dependence on the time delay between the excitation and the
response times:

=

2 (t;T1,T2)=§(2)(t—71,t—T2)- (2.7)

The second order nonlinear time response is then rewritten into the form:

PAW) = e / / — 11, — 1) E(11)E(12)drydro,
= eo// (11, 2)E(t — 11)E(t — T2)dT1dT2. (2.8)

- Causal system: The causality property implies that §(2) (11, 72) =0 for 7 < 0 and 7o < 0.

- Real function: The field vectors are real quantities which imply the reality of the nonlinear
impulse response.

- Intrinsic permutation property: We have shown that the tensor ﬁ(z) is symmetric. It

(2)

means that the component RZ (71, 72) is invariant through the simultaneous permutation
of the couple of indices (7, 71) and (k,72).

nth order nonlinear pulse response

The nth nonlinear contribution to the response function is given by :
_60// /R(n t yT1, 72, y T )g(t_Tl)g(t_TQ)-.'g(t_Tn)dTlde...dTn‘ (29)

The properties listed for the 2nd order nonlinear time response are generalized to any nth order
nonlinear time response.

2.3.2 2nd order nonlinear susceptibility

In order to derive a relation between the polarization and the electric field in the frequency
domain, the polarization P (t) is written in terms of Fourier components:

PR = /P(z)(w)e_’mdw

= eo// (11, 2)E(t — 11)E(t — 2)dT1dT2.

2 4(2)

”k(t T1,T2) = —A (2) (t; 12, 71)

ikj
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Substituting the relation £(t — 7) = [ E(w)e =7 dw, we obtain:
PE(t) = 60//X(Q)(w;wl,wQ)E(wl)E(wg)e_’(“1+w2)tdw1dw2, (2.10)

where we have introduced a 2nd order nonlinear susceptibilities X(Q) (w; w1, we) that turns to be

proportional to the Fourier transform of the nonlinear pulse response,

X@)(w;wl,wg) = //R(Q)(T17TQ)GZ(W1T1+w2T2)dT1dT2.

= (2m)PTF [EP(n, 7)) .

As the complexe amplitude for the 2nd order nonlinear polarization is P(?) (w) = % J PO (t)e™tdt,
it yields:

P(Z)(w) - 260//X(2)<w;w1,WQ>E<CU1)E(LU2)dw1de/6_1(W1+w2)tethdt.
™ =

The latter integral is equal to the Dirac function d(w — w; — wa) that is equal to 0 except for
w = wi + we. Finally, we find the constitutive relation for the 2nd order nonlinear optical
interactions :

(2.11)

PO(w) = 60//X(Q)(w;wl,wg)E(wl)E(wg)é(w — w1 — wy)dwidws,

which is equal to 0 except for w = wy + ws.

This constitutive relation demonstrates that the interaction between waves at
w1 and wy through a 2nd order nonlinear leads to the generation of a polarization
term at the frequency w = wi + ws. In case of two single frequencies at w; and wo,
the relation is simply equal to

P(Q)(w =wj +ws) =€ X(Q)(w = wy + wo;wi,w2) E(wy) E(w2) (2.12)

Notice that the frequency arguments can take either positive or negative values, which comes
from the assumption for the electric field £(¢) to be a purely real quantity (see (1.3)).

As an illustration and depending on the interacting frequency components, we can list a
variety of 2nd order nonlinear interactions :

e A situation where w1 = wo generates a polarization pP® (2w) : second harmonic generation,
e A situation where wy = —ws generates a static polarization P(2)(0) : optical rectification,
e A situation where w; = w and ws = 0 describes the electro-optic effect,

e A situation where w; # wy generates a polarization P® (w1 + we) and P® (w1 — wo) :
respectively the sum and difference frequency generation.

Each vectorial component of the polarization can be expressed in terms the tensorial com-
2

ponents Xijk(w = w1 + wy;wi,w2) and the electric field components E; j ,(w) :

Pi(2) (w1 +w2) =€ Z XEJQI)C (w1 + w2 w1, wa) Ej(w1) Ex (w2).
jk
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In accordance with the constitutive relation (2.11), each component might also require to sum
over the frequency arguments:

2
Plw=wy+wg)=c0 Y 3 Xn(w = wp + wy; wp, wg) Ej (wp), Eu(wy)-
Jk (pq)

P(w=uwp+wg) =e Zé(z)(w = Wp + wg; wWp, we) E(wp) E(wy),
(pg)

where we have considered here a discrete number of frequency components.

2.3.3 3rd order nonlinear susceptibility

In the same way, the constitutive relation for the 3rd order nonlinear optical interactions is
defined:

PO (w = wp +wg +wr) = € Z(pq’/’) B (w = wp + wg + wr; wp, g, wr) E(wp) B(wy) E(wr)

[le<

(2.13)
Summing over the frequency arguments gives the relations:

Pl-(g) (W=wp+wg+wr)=eo Z Z Xl(.?,il(w = Wy + Wq + Wr; Wy, Wy, wr) Ej(wp) B (wq) By (wr)
Jkt (pgr)

PO (= wp + wg +wr) =€ Z X(S) (W= wp + wy + wp; Wy, wg, wyr) E(wp) E(wg) E(wy)
(par) =
2.3.4 nth order nonlinear susceptibility

The generalization to the nth order nonlinear interactions is straightforward. The related con-
stitutive relation for the mth order nonlinear polarization vector implies the interaction of n
electric field vectors through an n 4+ 1 rank tensor.

2.3.5 Properties of the nonlinear susceptibility tensors

- Real functions: The reality of the quantities P(t) and E(t) implies

2 2
ngl)c(wii; wi,wa)* = ng;)c(—wg; —W1, —W3).

- Intrinsic permutation symmetry: The two quantities :

X (wsi wr, ws) By (wr) By (w2)

and

XiZ; (w3; wa, w1) By (w2) Ej(w1)

are identical.

2 2
XE‘j/l(“ii = w1 + wojwi,we) = ng;(u@, = w] + wo; wa,w1).
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- Purely real quantity: In situations where the frequencies of the interacted waves are far
from any material resonances, the expressions established within the classical anharmonic
oscillator model (see section (1.3.1) show that the nonlinear susceptibilities are purely real

quantities®. More generally, the quantum mechanical derivation of susceptibilities shows
(2)

that in a lossless medium, the components Xijk(w?’ = wj + we, w1, ws) are real.

- Degeneracy Factor: We consider the case of a three-wave mixing between waves at wi, wo
and w3 = wy + we. The nonlinear polarization components at ws is:

Pi(ws) = €0 3 [x ) s wn,w0) By (wn) Br(w) + X (wsi g, 01) By (wn) Bi(wn)| - (2.14)
jk
The intrinsic permutation symmetry for the nonlinear susceptibilities implies that the

two right hand side terms are equal (they differ by a permutation between the frequency
arguments w; and wq), and yields:

P;(w3) = 2¢g Z X,(?;)g(ws; w1, we) Ej(w1) By (w2).
I

The factor 2 in the latter equation is called the degeneracy factor and relies on the fact that
the interacted wave are discernible. Waves are discernible if they differ either in frequency,
in polarization, in wave vector (in the direction of propagation), in spatial mode. In the
case of the second-harmonic generation, the degeneracy factor is equal to 2 as j # k. If
not, it takes the value 1, meaning that the interacted waves at w can not be distinguished.

To summarize, the second-order nonlinear polarization components can be expressed as:

Pi(ws) = D®eg xg,l(wa; wi,w2) Ej(w1) By (w2), (2.15)
I

with D®) the degeneracy factor that accounts for the number of distinct permutation
between the applied fields. It can take the values :

e D2 =1 in the case of one distinct field,
e D@ =2 in the case of 2 distinct fields.

The degeneracy factor for the third order nonlinear polarization components take the
values:

e D@ =1 in the case of one distinct field,
e D@ =3 in the case of 2 distinct fields,
e D@ =31 =6 in the case of 3 distinct fields.

- Kleinman’s symmetry: For a lossless medium, it can be shown that a sufficient condition
is

2 2

E-k)i(—m = W2 — Wi Wy, —w3) = Xl(gj)i(_WQ = W1 —w3; W1, —W3).
(2.16)

This condition can be derived (see tutorial) in a simple way from the expression of the

average power transferred by the electromagnetic field to the medium per volume unit*:
ow oP
T = (€2,
ot < ot )

3The damping terms can be neglected in this case.
4Cf. A. Yariv, Quantum Electronics, Third edition, Chapter 5.

2
xgj,l(ws = w1 +woiwr,w2) = X
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where (...) stands for a time average. The simultaneous permutations of the indices with
the frequency arguments in (2.16) can be further extended by neglecting the dispersion of
the nonlinear susceptibilities for any strong non-resonant interaction. The relation (2.16)
becomes:
(2) _ . _ @ _ : ) _ .
Xijp(Ws = w1 +waswi,wa) = X (ws = w1 +waswi,w2) = X (ws = w1 + waywi, w2)

= +Intrinsic permutations (2.17)

In conclusion, the nonlinear susceptibilities in lossless media, which implies no exchange of
energy between the nonlinear medium and the interacted waves, support a full permutation
of the indices, without permuting the frequencies.

- Contracted notations: Let us introduce the tensor d;j; = %Xg,l We assume that the
component d;ji is symmetric in its last two indices. This assumption is valid whenever
Kleinman’s symmetry condition is valid or and in addition is valid in general for two wave
mixing (as w; = we = w).

The notation d;ji, is then replaced by a contracted notation d; according to the correspon-
dence between indices [ and (7, k) given in Tab. 2.1.

Tab. 2.1. Relations between d;;; and the contracted notation d;;.

gk 111 22 33 23o0u32 13o0u3dl 12ou?2l
l 1 2 3 4 5 6

Notice that the contracted notation may differ by a factor 1/2 in different textbooks or in
nonlinear crystal datasheets.

- Spatial symmetries: The symmetry properties of materials allow a significant reduction
in the number of tensor components to be determined. Among those symmetries, let
consider a nonlinear medium with a centrosymmetry. It means that nonlinear susceptibility
tensor is invariant through the transformation i — —i, with ¢ = x,y, z, the three spatial
coordinates. Because of the transformations E — —FE and P — —P under the centro-
symmetry, we conclude that all the components of the tensor y(?) (w3, w1, ws) must vanish

identically. More generally, centro-symmetric materials do not support any even order
optical nonlinearities.



Chapter

Nonlinear wave equations

In the previous chapters, we have introduced the constitutive relations for nonlinear optics that
explicite in particular the relation between the electric field and the macroscopic polarization
vector by means of nonlinear susceptibility tensors. In the present chapter we examine the
modification of the electromagnetic field during its propagation through a material subject to
optical nonlinear interactions by deriving nonlinear wave equations in various situations.

At first, we demonstrate a generic equation in the case of the propagation of a stationary
and uniform monochromatic wave through a nonlinear material. Assuming the slowly varying
approximation for the envelop of the fields, the nonlinear wave equation takes the form of a first
order differential equation. The importance of the phase matching condition will be underlined
and discussed in details. As the most common method to fulfill the phase matching condition
utilizes the birefringence properties of materials, a short reminder on optics in anisotropic ma-
terials is presented. We next show that the nonlinear propagation of waves in an anisotropic
material can be treated as the propagation in an isotropic material by priorly decompose the
incoming field other the eigen polarization states, namely the ordinary and the extraordinary
fields.

To complete, we derive nonlinear wave equations for temporal and spatial wave-packets,
which can be applied to describe the nonlinear propagation of laser pulses and laser beams
through a nonlinear material. Finally, we consider the case of nonlinear interactions that take
place in a waveguide and derive a specific nonlinear wave equation under the weak guidance
approximation.
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3.1 Learning outcomes

The learning outcomes of this chapter are the following:

By the end of this chapter, students will be skilled at:

e deriving and solving the nonlinear wave equation in a parametric situation under the
undepleted pump approximation,

e Determining the phase matching conditions for a given nonlinear interaction and achiev-
ing/fulfilling this condition by exploiting birefringence properties of materials.

By the end of this chapter, students will understand:

e Nonlinear optics is an essential tool to create novel optical frequencies generated through
the interaction of incident beams within nonlinear materials,

e Nonlinear effects are subject to phase matching conditions.

3.2 Linear wave equation

In this section, we briefly recall the properties of the wave propagation through a linear dielectric
medium.
3.2.1 Linear wave equation in an anisotropic medium

The linear propagation of the electromagnetic fields in a dielectric medium, free of charges and
current is governed by the following Maxwell’s equations :

VxS:—a—B V- D=0
ot
VXH:%’? V-B =0, (3.1)

with the constitutive relations D = ¢g€ + P and B = pugH. In order to derive a wave equation
for the electric field £, the magnetic field dependence is suppressed by taking the curl of the
first equation, using the relation between H and D and the constitutive relations:

1 0% 0*P
In the Fourier domain, this wave equation becomes :
w2
VXV xEw) - FEw) = wWioP(w). (3.3)

An anisotropic medium is characterized by the tensorial relation between vectors D and &.
Conversely to an isotropic medium, the direction of the two vectors may differ:

D(w) = eoe(w) E(w), (3.4)

with e(w) = 1+ X(l) (w). The principle axes define a basis for which the matrix ¢ is diagonal.
For an electric field polarized along one of the principal axes, the medium is equivalent to an
isotropic medium.
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In the following, we recall the main propagation properties of a plane wave in a linear
anisotropic medium. The complex field amplitude of the plane wave is defined as :

E(w) = Aw)e*Te. (3.5)

Substituting this form into the wave equation (3.3) yields:

2

kx(kxe)—i—w

ng(w)e =0. (3.6)

This equation explicits the dependence between the wavevector and the direction of polarization
of the electric field in an anisotropic medium. For a given propagation direction we need to
determine both the refractive index n and the polarization of the field, which requires to solve
(3.6). One can show that the values of n for a given propagation direction defined by a unitary
vector s, with k = |k|s = n(w/c)s, are solution of the Fresnel’s equation:

2 82 2 1

T Y z
+ + = — 3.7
—n2 n?2-n2 nZ-nZ2 np? (37)

n2

where (s, Sy, 5) are the direction of propagation coordinates defined along the principal direc-
tions, denoted (z,y, 2), and ng, ny, n, are the principal refractive indices'. Actually, the Fresnel’s
equation is a quartic polynomial equation?. For a direction of propagation s = (s, Sy, Sz), one
can show that this equation admits 2 positive roots for n. Each solution for the refractive index
n is associated a polarization direction for the electric field given by the equation (3.6).

Finally, one can conclude that for any direction of propagation, two waves can
propagate (independently) with phase velocity v; = ¢/n; and vy = ¢/ng where n; and
ny are solutions of the Fresnel’s equation (3.7).

The index of ellipsoid

An equivalent method to determine the refractive indices and the related directions of the electric
fields is based on the index of ellipsoid. The latter is determined by calculating the electric energy
density stored in a medium :

1 1
We = §E D = QZ’;EkekjEjv
J

or equivalently,
2we = EX)(E% + Eny%/ + fZZE% + 26yzEyEZ + 2€XZEXEZ + 26xyExEy. (38)

The surface of constant energy forms an ellipsoid as the coefficients exx, eyy and ezz are
positive in case of a lossless material®. Equation (3.8) can be reduced to :

2w, = €02 + enys + .. F2 (3.9)

where z,y, z refers to the principal dielectric axes for which ¢ is diagonal. The constant energy
surfaces in the space (D, Dy, D) form ellipsoids defined by:
D? D2 D?

Qe = —= + L 4+ £, (3.10)
€xx Eyy €2z

! For a wave polarized along one of the principal axes, for instance x, the relation D, = e, E, is satisfied,
where €, = eo(1 + X&Q) is the permitivity. The refractive index is defined as : ni = 8261M0-

2A quartic polynomial equation is an equation of the form : n* 4+ an® + bn*> + en+d = 0.

3 Assuming a field polarized along the direction X, the electric energy density is equal to 2w. = e.xE%,

meaning that w. > 0 implies that exx > 0
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Fig. 3.1. (a) Inter-
section  between  the
wavevector direction s
and the surface of indices
for a wuniaxial crystal.
The two intersections
give the two refractive
indices n, and ng, which
can be seen on the index
of ellipsoid (b) showing
the directions for the
related ordinary e, and
extraordinary ey waves.

Az =optical

One can rewrite the latter equation using the new variable r = QIw) = and ¢; = n?
2 2 2
x z
! (3.11)
ny ny ng

It defines the index of ellipsoid equation that is used to determine, for any direction of propaga-
tion, the two refractive indices and the associated direction for D. The two axes of the ellipse
formed by the intersection between the plane perpendicular to s, the direction of propagation,
and the ellipsoid, are equal to 2n, and 2n. Their related field D, and Dy are parallel to these
two axes (see figure 3.1(b)).

Uniaxial birefringent media

An uniaxial birefringent medium exhibits two identical principal refractive indices : n, = ny, =
ne and n, = ne # n,. We consider the propagation of a wave along the direction s, which is
defined in the crystallographic principle axes of the crystal in terms of the Euler’s Angles:

cos ¢ sin f
s=| singsing .
cos 6

Solutions of Eq. (3.7) are graphically represented in Fig.3.1(a). Along the given propagation
direction s, the medium exhibits two refractive indices n, and ng:

( 1 >2 (6050)2 <Sin9)2
. — + ,
ng No Ne

which are respectively related to the polarization states e, and ey (see Fig.3.1(b)):

sin ¢ —cos 6 cos ¢
€, =|—cos¢p, eygy=|—cosfsing .
0 sin 6

These two polarizations are called ordinary and extraordinary polarization states. They are
orthogonal and define the eigen modes of the medium along the direction of propagation s.

3.2.2 Field intensity
The intensity of a wave w is given by the magnitude of the time averaged Poynting vector:

(S) = (€ x H). (3.12)
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The intensity associated with a field

E(t) = Bye "Wt Fe 4 CC
H(t) = Hye '“@Fe 4 CC
is
I = 2ncey| By, (3.13)

with n the refractive index of the medium at w. We have used the relation |Hy| = eonc|Ep| (see
Maxwell’s equations).

3.2.3 Transfer of energy between an electromagnetic field and a medium

The power per unit volume that is transferred from the field to the medium (specifically to the
electric dipoles) is given by the relation:

ow oP
_ — e 20,
ot ot
We consider the simple case of the propagation of a monochromatic wave in the linear regime.
The electric field and the macroscopic polarization take the following form:

(3.14)

E(t) = E(w)e ™ + E(—w)e™™!
P(t) = P(w)e ™ + P(—w)e™,

with P(w) = eox! (w) E(w). Substituting these relations into (3.14) leads to the equality:

e XV w)e) |BW)P, (3.15)

4

with X(l)(w) = X(l)/ + zx(l) .
In conclusion, the absorption phenomenon is related to the imaginary part of susceptibility.

3.3 Nonlinear wave equations

Following the propagation of the electromagnetic field in the linear regime, we next study the
propagation under the nonlinear regime. Besides the linear macroscopic polarization, we need
to add in the constitutive relation D = ¢y€ + P a nonlinear source term PWNL) " The wave
equation (3.2), which is valid is the linear regime, contains now a nonlinear polarization vector:

1 92E(r,t) PP (r, t) PPN (1)
VXVX&'(T,Iﬁ)—i—ET :_MOT_MOT, (316)
In the time Fourier domain, the wave equation becomes:
2
VXxVxE[rw)-— %E(r,w) = w2 P (r,w) + o PV (r, w). (3.17)
In the case of a material with a local response of the the linear contribution:
PY(r,w) = ey (r,w)E(r,w),
which leads to nonlinear wave equation:
w2
V XV x E(r,w) = €0 E(r,w) +w?uPY (r,w) (3.18)

02:
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with the relative permitivity defined as,

e(ryw)=1 +K(1)(r,w).

We next specify the derivation of Eq. (3.18) for different cases, illustrating the related ap-
proximations that can be conducted.

3.3.1 Nonlinear propagation of a plane wave in a isotropic medium

Whereas, the propagation of a plane wave in a nonlinear regime does not fit with any realistic
experimental situation (or very rarely), the corresponding nonlinear wave equation takes a simple
form and underlines the main conditions under which an efficient nonlinear interaction will occur.

Actually, the following development corresponds to the propagation of a wave through a
nonlinear material for which the transverse or temporal behaviors are not taken into account.
For instance and for the case of a beam propagation, it would mean that the diffraction effect
is neglected in the derivation of the nonlinear propagation.

An other simplification consists in assuming first an isotropic and homogeneous medium
implying that the left hand side term of (3.18) is reduced to:

V xVxE(r,w)=V(V-E)-AE = —AE.

The equation V - (D) = V- (¢E) = 0 implies V - E = 0, the permitivity being described by a
scalar quantity, which does not depend on the spatial coordinate. The nonlinear wave equation
becomes:

2

AE(w) + bl

2 eE(w) = —w?uoPyr(w) (3.19)

We next consider a plane wave propagating along the direction z, E(z,w) = A(z)e***e. After
substitution in (3.19), one gets:
0A(z) w?

8214 < —ikz
8zg ) + 2k 5 —60626 - Pyp(z,w)e %7

taking into account the dispersion relation k%(w) = ‘;’—je(w) for the material. A very frequent
approximation consists in neglecting the variation of the field envelope A(z) on a typical length
of the order of the wavelength A\. Such an assumption stands for the slowly varying envelope
approximation ,

‘8 A(2) < ‘2k8A(z)

022 0z

and relies on the generally weak efficiency of the nonlinear interactions. Based on that, the
nonlinear wave equation takes the very simple form:

9

‘ 0A(z) w

— .P —tkz 3.20
0z 260nce ni(zw)e } ( )

We conclude that a wave at w can be modified by a nonlinear term source Py (z,w) at w if
e- Pnp(z,w) # 0. The second condition is related to the phase-matching condition related to
the fact that the nonlinear polarisation amplitude Py (z,w) contains a phase term.

As an illustration, we next consider the case of the second-harmonic generation induced
by the propagation of a wave w in a 2 material. The complex amplitude of the nonlinear
polarization generated at 2w is given by:

Pyp(z,2w) = GX(2)(2w;w,w)elelA2(Z,w)e22k(w)-7°
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0.10 Fig. 3.2. Beam in-
—— Ak=0 tensity evolution with
....... Ak = 10/L the distance for three
...... Ak = 40/L phase-matching conditions

Ak = 0, Ak = 10/L,
Ak = 40/L, with L the
thickness of the nonlinear
material.

0.05

Intensity (a.u.)

4 0.6
Distance (a.u.)

with IInz(z,2w) the envelope amplitude of the nonlinear polarization. Even if the condition
es- Pnp(z,2w) # 0 would be respected, the second condition to be fulfilled in order to maximize
the second-harmonic wave will be : 2k(w) - » = k(2w) - r. This condition refers to the phase-
matching condition that is discussed in the next paragraph.

3.3.2 Phase-matching condition

Following the previous illustration, the complex amplitude on the nonlinear polarisation is writ-
ten in terms of an envelope Il and a phase terme :

Pyi(z,w) =NL(2,w) e’kp(”)'T, (3.21)

with k, the wavevector related to the nonlinear polarization, which depends on the wavevectors
of the interacted waves. The nonlinear wave equation (3.20) then takes the form :
0A(z) w

_ T —1Akz 3.22
0z 260nce ni(zw)e ’ ( )

with Akz = (k,—k)-z the phase miss-match between the nonlinear polarization and the free-
wave at w. Assuming a very weak nonlinear interaction (also called, parametric interaction), we
can suppose that the strength of the nonlinear polarisation is constant along z, i.e. Iz (z,w) ~
Const.. In such condition, the wave equation (3.22) can be easily integrated and the intensity
evolution of the wave is given by:

w? AkL

I(z) = e Ty (w)]? sinc® (2) LQ.} (3.23)

"~ 2nce

The figure (3.2) shows the intensity evolution (3.23) for three phase-matching conditions:
Ak = 0, Ak = 10/L, Ak = 40/L, with L the thickness of the nonlinear material. While
the intensity grows with the square of the distance (under the assumption of a parametric
interaction) in a case of a perfect phase-matching situation, it follows an oscillating behavior
since Ak # 0. As the periodicity increases with Ak, the maximum intensity of the wave inversely
decreases with Ak.

In the case of a non-phase matched interaction, it can be useful to define the coherence
length L. = w/Ak , which is equal to half of a period of the oscillating feature of the intensity.

3.3.3 Stationary nonlinear wave equation in a anisotropic medium

Most of the nonlinear materials exhibits birefringent properties, which will be of strong interest
to fulfill the phase matching condition. In this paragraph, the stationary nonlinear propagation
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Fig. 3.3. Directions of (D, H, k) for an
electromagnetic wave propagating along
the direction z in an anisotropic medium.

H
a : walk-off angle

of a wave in an anisotropic material is described. A wave at w, with a wavevector k is considered:
E(r,w) = A(T)@Zk're

After substitution in the general form of the wave equation (3.18), and few developments, we
get:
2

—kx (kxe)+ %g(w)e A(r)

Fi[VAX (kxe)+kx (VAxe)]+Vx (VAxe) = —wuPyr(zw)e FT (3.24)

The decomposition of the wave along the eigen polarization states e, and ey, i.e. E = E,+ Ey,
solutions of the Fresnel’s equation (3.6), yields the simplification:

+1[VAx (kxe)+kx (VAxe)+V x (VAx e) = —wugPyr(zw)e kT,
We assume that the slowly-varying approximation is valid, which is consists in assuming that
0A > 0%A

Actually, this assumption imply to neglect the diffraction effects and to consider the propagation
of plane waves in a nonlinear anisotropic material. Following this assumption, we get :

g

NVA-[(kxe)x el =wue- HNL(z,w)elAk'r

In the coordinate system (D, H, k) (see the figure 3.3), the wave equation is:

—tana—+ — = ———e- HNL(z,w)elAk‘r,

0A 0A w? g
= .2
‘ Oxr 0z 2kcos?a (3.25)

with « the walk-off angle defined between the directions of propagation of the Poynting vector &
and the wave-vector k. Neglecting the walk-off angle, the equation (3.25) takes exactly the form
of the wave equation (3.20) that has been established in the case of the nonlinear propagation
in a isotropic material.

In conclusion, the nonlinear propagation of waves in a anisotropic material can
be treated as the propagation in a isotropic material by priorly decompose the in-
coming field other the eigen polarization modes, the ordinary and the extraordinary
fields. We remind that the eigen modes are the solutions of the Fresnel’s equation (3.6) for a
given direction of propagation, corresponding to polarization states that keep unchanged along
the propagation. Neglecting the walk-off angle, the nonlinear propagation of an electric field
polarized either along the ordinary or the extraordinary direction, can be simply treated as the
nonlinear propagation of a wave in a isotropic material.
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3.4 Nonlinear wave equation for temporal and spatial wave-
packets

As mentioned before, the description of nonlinear interactions with plane waves signifies that
transverse and temporal effects have been neglected. In many situations, these assumptions will
not be verified. The objective of this section is to provide a more accurate description of nonlinear
effects that occur with focused beams, in a regime where diffraction effect can be no longer
neglected, and optical pulses, accounting for dispersive effects. In both cases, the nonlinear
wave equations are sustained by a linear term, describing the diffraction and/or the dispersion
effects, corrected by a perturbative nonlinear terms driven by the nonlinear polarization vector
that modifies the linear behavior of the interacted waves.

As nonlinear effects are driven by the field amplitudes, equivalently by the field intensities,
one easily understands that numerous of nonlinear interactions evolve with focused beams and
pulsed laser beams in order to reach high peak intensities. For the sake of clarity, we will
derive hereafter separately two nonlinear wave equations for spatial and temporal wave-packets.
The derivation of a spatio-temporal nonlinear wave equation, which accounts simultaneously for
the spatial and temporal effects, would be straightforward. It would contain linear terms for
diffraction and dispersion effects. The spatio-temporal dependence of the nonlinear polarisation
term should also be taken into account.

3.4.1 Nonlinear propagation of optical beams

As it has been underlined during the course, the strength of the nonlinear interaction is governed
by the magnitude of the electromagnetic fields in interaction. As a consequence, nonlinear optics
experiments implies to focus laser beams in order to increase the beam intensity. In addition,
diffraction effects are no longer negligible since the interaction length L is longer than the
Rayleigh lengths Lp related to the interacted beams, as it is illustrated in the Figure 3.4. One
can easily understand, the necessary tradeoff between beam focusing and interaction length :
increasing the beam focusing inside the material to achieve higher intensity, implies a reduction
of the interaction length through the reduction of the Rayleigh length.

The very common configuration depicted in Figure 3.4, an interaction with focused beams,
illustrates the interest in deriving a nonlinear equation that includes transverse effects : the linear
diffraction effect, and the spatial dependence in the amplitude of the nonlinear polarization term.
The latter is directly related to the variation in the field envelop with the spatial coordinate 7.

We start with the general wave equation (3.16) and consider the propagation in a homogenous
and isotropic medium, implying the equality that VXV x E(r,w) = —AE. We can seek solutions
of the form:

E(r,t) = A(r, 2)e™e e 4+ CC,

and we consider that the spatial dependence of the nonlinear polarization is given by an envelope
TN (7, z) through the expression :

P(r,t) = My (r,z)err?e ! + CC.

After substitution in (3.16), the nonlinear wave equation takes the form:

ZA A
9 a(zg’ ?) + 2zka g’; ?) + ATA(r, 2) = —w?pge - Ty (1, 2)e'™F,
where Ap stands for the transverse Laplacian (over the radial coordinate » = (z,y)), and

Ak = ky, — k is the phase missmatch between the nonlinear polarization and the free wave at w.
Assuming a weak nonlinear interaction, the slowing varying approximation leads to
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Fig. 3.4. Case of the nonlinear interac- L > LR
tion between two focused beams at w; and w1
wg in a nonlinear medium with a thickness L
L longer than the Rayleigh lengths Lg re- w2 P
lated to the beams. T 1 == >
- l’ > l’ \
/"’_}/”
LR (Rayleigh Length)
0A(r, z) 1 w Ak
——— 4+ —A7A(r,2) = e -Ilyp(r,2)e""" 3.26
52 50k (r,2) s (7, 2) (3.26)

Under the linear regime, e - Iz (7, z) = 0, the equation describes the deformation of the
envelope A(r, z) driven by the diffraction effect, which is described by the term 5-ApA(r, 2).
In the nonlinear case, the efficiency of the nonlinear interaction will be directly related to the
spatial overlapping, at a distance z, between the field envelope distribution A(r,z) and the
spatial distribution of the nonlinear polarization envelope e - Iy (7, z). The latter is governed
by the spatial distribution of the interacted waves evolving under diffraction! Finally, if we
neglect the diffraction effect, equation (3.26) retrieves the form of the nonlinear wave equation
(3.20) in case of a plane wave.

3.4.2 Nonlinear propagation of optical pulses

A very efficient way to observe nonlinear effects consists in using the very high peak-power
delivered by pulsed lasers. Similarly to the previous situation, with focused beam, shorter
pulses (considering a fixed pulse energy) will increase the strength of the nonlinear response of
a material. As the spectral linewidth increase for shorter pulse, one needs to account for the
temporal distorsions effects driven by the frequency dependent refractive index of the material.

As an illustration, Figure 3.5 shows the evolution of two distinct optical pulses, nearby wy
and wo, along their propagation in a material. The group velocity mismatch, vg1 # vg2, leads
to a temporal walk-off between the two pulses, reducing their temporal overlapping ant their
nonlinear interaction. A second order dispersive effect is related to the group velocity dependence
with the frequency content of the pulse vgy(w). This so-called chromatic dispersion effect induces
a pulse spreading in time, which is accompanied by a reduction of the peak power.

Similarly to the case of the spatial beam propagation, we now need to proceed with the
derivation of the nonlinear wave equation for a temporal wavepacket subject to the modification
through both the linear dispersive effects and a time varying nonlinear polarization. As in the
spatial case, one can seek the following forms for the electric field and for the time dependent
nonlinear polarization:

E(z,t) = Az t)eP?ewole 4 CC,
Pyr(zt) = Hyp(z,t)ePrze ™0t 4 CC.

Because we need to take into account for the dispersive properties of the material, i.e. the
frequency dependent permittivity e(w), we start with the equation (3.18) writing:

E(z,w) = eA(z,w— wp)eo
Pyr(z,w) = IZINL(z,w—wo)eZBPZ,
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Fig. 3.5. Propagation of two pulses

w1 w2 e at w1 and w2 in a nonlinear medium.
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\ Vg2 \ the group velocity difference vg1 # vg2
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which gives

D?A(z,w — wp)
022

DA(z,w — wp)

1ABz
0z !

+ 215 [52( ) — 50] (z w—wp) = —w2uoe-l:[NL(z,w—w0)e

(3.27)
In the following, the pulse duration is supposed to be very small compare to the time period
1/wp of the optical carrier. Its spectral linewidth being very narrow (Aw < wp), one can use a

Taylor’s expansion of 3%(w) around wy :

B2

Blw) = Po+ PrAw + Aw + -

BHw) =~ B+ 25051Aw + (B + 50ﬁ2) Aw? + -+,

with 8; = calculated for w = wy. The wave equation is then expressed into the time domain:
0?A(z,1) A(z,t) 0A(z,t) 9 0?A(z,1)
0.2 QZBOT + 2801 ——— o 157 + Bof2] o2
oIl t) 01 t
o€ - —w(%HNL(Z, t) — 2wwo N(;t(z’ ) gtLQ(z’ ) APz,

Considering that the envelope A(t) travels at the group velocity vy = 1//, the wave equation
can be simplified by introducing the retarded time variable 7 =t — z/v,. The wave equation in
the time base 7 is then:

O*A(z,T)
022

0?A(z,7)
0201

0A(z,T)
0z

Z?QA(z ) _

— 261 + 2150 6052

o1l o011
poe - | —wiTIng(z, ) — 2uwg NL(z7) + NL(Z’T)} bz,

or or?

We then proceed with few assumptions in order to derive a simplified nonlinear wave equation:

0%2A (z T) 0A(z T)

9

<<]ﬁ

e slowly varying approximation for the envelope that implies: ’
LAa(f_’t)‘ < woA(z, 7). If we
suppose that the group velocity vy = 1/5; is close to the phase velocity vy ~ ¢/ng, then:

‘25 881428277) <<2‘ﬁ 8AZT)

e narrow spectral linewidth of the pulse, which means that ‘

)

e finally, the slowly varying approximation for the envelope implies a slow variation of the
nonlinear polarization envelope, which means that :

N (z,7) N 82HNL(Z, T)

ngNL<2, T) > 2wy or 972




28 3 NONLINEAR WAVE EQUATIONS

Following those assumptions, the nonlinear wave equation for a temporal wavepacket is:

L@A(z,T) n 182 %Az, 7)  w

0z 2 9z 2enes HNL(Z’T)eZAkZJ (3.28)

Under the linear regime, e - IIyz(z,7) = 0, the equation describes the temporal dispersion
of the pulse A(z,7) governed by the term ”%82‘47(3’7). Because we have only considered the
2nd order dispersive effects (3, one could easily introduce higher order dispersive effects by
simply extending the Taylor’s expansion for S(w). As in the case of the transverse wave packet
propagation, the efficiency of the nonlinear interaction is related to the temporal overlapping,
at a distance z, between the field envelope distribution A(z,7) and the temporal distribution
of the nonlinear polarization envelope e - Iz (z,7). The latter is governed by the temporal

distribution of the interacted dispersed pulses !

3.5 Nonlinear wave equation in optical waveguides

A very interesting situation consists in studying nonlinear interactions inside a waveguide. For
instance, a single mode waveguide enables to maintain a transverse confinement of light other
a very long distance (thousand of kilometers in case of trans-oceanic fiber cables). Conversely
to the case of focused beam, Rayleigh length is no longer a limit as the diffraction is strictly
compensated by the refractive guiding effect of the waveguide. In addition, one reminds that
a waveguide operates under a single mode regime for specific operating wavelength range. It
means that we may have to consider the case of nonlinear interactions taking place inside a
multimode waveguide, as illustrated in the Figure 3.6.

In order to derive the nonlinear wave equation in an optical waveguide, we start from the
general form (3.18) that takes into account the inhomogeneity of the material (which is the case
for an optical waveguide).

As in the previous situations, we need to give an expression for the first term of the left hand
side of the equation:

V x V x E(r,w) = V(V-E(r,w)) — AE(r,w)

Although V - D(r,w) = 0, the propagation of the light in an inhomogeneous medium does not
imply the same equality for the electric field. We have to consider that : V- E(r,w) # 0. The
wave equation becomes:

2
AE(r,w) + %e(r WE(r,w)=V(V-E(rw) —w uPyr(r,w). (3.29)
c
Under the weak guidance approximation, it can been shown that the term V(V - E(r,w))
can be neglected (see the texbook on Guided Optics of Jean-Michel Jonathan).
The electric field propagating inside the waveguide into the z direction, along which the
waveguide is invariant, can be decomposed over the transverse eigen modes of the waveguide:

(r,z,t) Zepgbp (z)e —i(wmt—Pp(wm)z) | CcC,

where we have assumed that the set of transverse modes (labelled with the indices p) form
a complete base of normalized and orthogonal modes:

// *dzr = Oppr-
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E(?” 5 = 0) E(T Z) 729 Fig. 3.6. Nonlinear interaction in a
’ multimode wave-guide, like a few-mode

‘»‘ fiber supporting the fundamental LPo;

n Multimode Fiber mode and the two-degenerated modes
LPy;

LPua and LPHb.
B -

Assuming first the case of a linear propagation under the weak guidance approxima-
tion (and neglecting the anisotropy of the waveguide), the wave equation is reduced to:

w?

AE(r,w) + —¢€(r,w)E(r,w) =0 (3.30)

2
Writing AE(r, z,w) = (V& + %)E(r, z,w), and using the fact that A(z) is constant (linear
regime and invariance of the waveguide along the z direction), we find at the frequency w,:

2

Vhonr) + (S rm) - Biem) ) ér) =0

We consider next the case of a nonlinear propagation. The nonlinear wave equation
is simply derived from (3.30) by adding the nonlinear term source:

2

w
AE(r,w) + 2

(r,w)E(r,w) = —w?uoPnr(r,w). (3.31)
Next, we consider the nonlinear propagation of a wave at the frequency w = w,, and defined
by the transverse mode ¢h,(r). Under the slowly varying envelope approximation, the equation

(3.31) can be written is a simpler manner:

0A,(2)
Z ep@p (T 27ﬁp(wm);z()ezﬁp(wm)z = —wp o Py (r, wm)

Following the projection on a specific transverse mode ¢}, (7), the nonlinear wave equation
takes the form

— z

0=~ 25, [Jhmdner (3:32)
This equation signifies that the modification in the envelop amplitude A,(z) contained in
the transverse mode p is driven by an overlapping function between the vectorial transverse
distribution of the nonlinear polarization term and the vectorial transverse distribution ¢}, (r)
of the transverse mode p of interest. The magnitude of the right hand side term governs the
strength of the nonlinear coupling impacting the variation of the field intensity contained in
the transverse mode p. We retrieve the condition discussed before that the nonlinear po-
larization vector should not be orthogonal to the polarization state of the transverse mode
(ep.Pnr # 0). Additionally, the nonlinear interaction is governed by the overlapping between
the transverse distribution of the nonlinear polarization term and that of the specific guided
mode p, implying that [ [ Pyp(r)¢h"(r)d*r # 0. Finally, and the following the expansion

Pnp(z,w) =N (2, wm) eZkP(“’m)'r,, the phase matching condition is easily determined.

L@Ap(z) iwfn,uo ffep PNL(T' wm)¢p *( )dQ'I“ —iBp(wm)
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4.1 Manley-Rowe relations

Prior to the specific study of 2nd order nonlinear interactions, we give in the following a gen-
eral description of the propagation of 3 waves wi,ws,ws, with w; + wo = ws, interacting in a
lossless 2nd order nonlinear material. The lossless medium assumption means that the 3 wave
interaction will take place without any exchange of energy between the waves and the material.
Therefore, the three coupled nonlinear wave equations at w1, ws and w3 should satisfy the energy
conservation condition.

To verify it, we consider the simple situation of co-propagating plane waves for which the
nonlinear wave equations are directly derived from (3.20) :

dA
s(2) _ s es- Pni(z,ws =wy +wy)e ¥,
dz 2egnsc
dAs(z) 1w k
= P = wg — wy )e 2 4.1
P ST NL(z, w2 = w3 —wi)e ; (4.1)
dA1<Z) . (1095} —ik1z

= e Pnp(z,w1 = w3 —wso)e
dz 2epnic (2, )

The derivation of the spatial evolution for the field intensities I7, Io and I3 is straightforward,
reminding that I = 2ncep| A|* (3.13) :

dI;iz) = treqws X pp A1 Az Afe M + C.C,
dIfliZ) = —zeongg)fAlAgAgelAkz +C.C., (4.2)
dlclliz) = —zeowlxg)fAlAgAgeZAkz +C.C,
with Ak = k1 + ko — k3 the wave vector mismatch and ch)f the effective nonlinear susceptibility
given by :
ch)f =2e;3 '!2) (w3;w1,w2)eres
=2e .i@) (wo; w3, —w1)eseq (4.3)
=2e -7(2)(w1;w3, —wy)eses.

Il1e<

These equalities between the nonlinear effective susceptibilities are the key point of the demon-
stration. They are actually justified by the lossless medium assumption allowing the full per-
mutation between the indices of the susceptibility tensor (without exchanging the frequency
arguments). In addition, the lossless assumption allows to treat them as purely real quantitates
(see § 2.3.5). Note that these relations are written in the case of frequency non-degenerated
waves (w1 # wg). For the degenerated case, coinciding with a specific configuration of second
harmonic generation, there are only two equations at 2w and w which differ by a factor of 2, the
degeneracy factor!.

Following the interaction of the 3 waves in a lossless 2nd order nonlinear material, their
intensity evolutions (4.2) follow the relation :

d]g(z) dIQ(Z) dIl(z)
dz + dz * dz

'In the case of second harmonic generation, the nonlinear polarization expressions at 2w and w differ by a
factor of 2: P® (2w) = 60X<2)(2w;w7w)E(w)E(w), while, P® (w) = 2€0X<2)(w; 2w, —w)E(2w)E(—w)

=0, (4.4)
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Fig. 4.1. Energy diagram based descrip-
l h(D1 th tion of the interaction between 3 waves at

w1,w2 and wsz in a lossless 2nd order non-
linear material: the annihilation (a) (resp.
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(a) (b) ton at w; and one photon at o2.

hwg Ny

which means that the exchange of energy occurring between the 3 waves along their propagation
into the nonlinear medium is done by conserving the total amount of intensity I = Iy + Is + I3
and dI(z)/dz = 0.

It is worth deriving a similar relation for the quantity N; = I;/hiw; related to the number of
photons at w; propagating trough the material per unit of time and surface, which gives :

dNi(z) _ dNa(z) _ dN3(2) (4.5)
dz dz dz )

These two relations refer to the so-called Manley-Rowe relations that depict the interaction
between 3 waves in a lossless 2nd order nonlinear material. These two relations show that
their interactions are governed by the conservation of the total energy carried by the 3 waves,
in agreement with the lossless medium assumption. The second relation (4.5) is of particular
relevance since it gives a description of the 3 wave interaction in terms of number of photons, in
accordance with a quantum optics description. Actually, the ”quantum” reading of the equality
(4.5) would be the following : the annihilation (resp. the creation) of one photon at ws must
be accompanied by the simultaneous creation (resp. the annihilation) of one photon at w;
and one photon at 0oy. The Manley-Rowe equations are consistent with a quantum-mechanical
interpretation of the 3 wave interactions, which could be represented by the two energy diagrams
depicted in Fig. 4.1.

4.2 Three-wave mixing interactions

Using the Manley-Rowe relations, we next give general comments about the different Three-wave
mixing interactions that can be explored in 2nd order nonlinear medium. For all situations, we
consider the interaction between 3 waves at wi,ws and w3, where hwy + hws = hws, inside a
lossless x material.

The various three-wave mixing interactions studied in this course are depicted in Figure 4.2:

(a) Sum-Frequency Generation (SFG) is presented in chart (a) where the interaction of
two incident intense beams at w; and wo generate a third beam at w3 = w1 + ws. Two
photons, respectively at w; and wsy, generate one photon at ws. The direction of propaga-
tion of the beam at wj is given by the phase matching condition: ks = k1 + k2. The most
well-known situation is the Second-Harmonic Generation (SHG) where an intense pump
beam at w propagates through a X(Q) material to generate a doubling in frequency beam

at 2w.

(b) Second-Harmonic Generation (SHG) can be seen as a frequency degenerate case of
SFG with a single incident beam, w; = wys = w, which will be doubled in frequency:
ws = w+ w = 2w. As illustrated by chart (b), the generation of one photon at 2w is
governed by the simultaneous annihilation of 2 photons at w. SHG is further studied in
§ 4.3. With a single incident beam along the wave vector k,, the SHG beam will be
generated along te same direction since ko, = 2k,,.
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Fig. 4.2. Three wave mixing configurations, with the corresponding photon energies diagrams. (a) Sum-

Freque

ncy Generation. (b) Second-Harmonic Generation. Optical Parametric effects : (c) Fluorescence, (d)

Amplification and (e) Oscillation.

(c) Optical Parametric Fluorescence (OPF) can be observed with a single intense beam

at ws incident onto the nonlinear crystal, which will generate photon pairs at w; and wy
along the directions set by the phase matching relation k1 + ko = k3. We will show below
that such a nonlinear effect is not predicted through classical description conducted in this
course. A complete description requires quantum physics approach, which is out of the
scope of this introductive course.

(d) Optical Parametric Amplification (OPA) differs from the previous configuration by

the adjonction of a weak beam at wy (or wi) along the direction at which wa (or wy)
photons would be emitted through parametric fluorescence effect. As it will be shown
in § 4.4 and conversely to the fluorescence effect, the parametric amplification can be
perfectly described by solving coupled nonlinear wave equations. The solutions show that
an amplification of the incident wy (or wy) beam occurs at the expense of an intensity
decrease of the pump beam ws. In agreement with the Manley-Rowe relations, a third
beam at w; (or ws) is simultaneously generated inside the crystal along the direction

ko = ks — k.

(d) Optical Parametric Oscillation (OPO) consists in inserting an OPA inside an optical

cavity. The configuration described in chart (e) coincides with co-propagating OPA con-
figuration, with the 3 waves propagating along the same direction, although non-collinear
configuration such as in (d) could be set. In practices the mirrors get a reflection coating
at either wy or we, in a singly resonant OPO, or at both w; and ws in a doubly resonant
configuration. Once the pump intensity reaches a threshold value, the parametric amplifi-
cation gain experienced by either w; or we perfectly compensate for the cavity losses, and
the cavity oscillation condition is satisfied. Two coherent beams at w; and wo exit from
the cavity. The OPO behaviors will be studied in more details in § 4.4.
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4.3 Second Harmonic Generation

As an introduction to nomlinear optics, we have first studied the behavior of an anharmonic
oscillator subject to an excitation at the frequency w. The oscillator in our case stands as
a classical representation for an entity (an atom or a molecule) that is polarized through the
application of an external electric field. By introducing a quadratic term in the expression of
the restoring force, a second order contribution in the induced electric dipole has been derived.
In particular, we have shown that a collection of such dipoles would generate a macroscopic
polarization vibrating at the frequency 2w (actually +2w as shown by the relation (1.14)).

In this section, we are going to study in more details this nonlinear effect, which refers to the
Second Harmonic Generation (SHG) effect?. It was the first nonlinear effect to be experimentally
demonstrated few months after the realization of the Ruby Laser in 1962. The SHG effect is
schematically represented in Fig. 4.3. It takes place in a nonlinear crystal with a non vanishing
2nd order susceptibility X(Q) and we consider a lossless material, which means that the Manley-

Rowe relations are valide. As a consequence, one can anticipate that the generation of one
photon at 2w is supported by the annihilation of simultaneously 2 incident photons at w, as it
is illustrated by the energy diagram in Fig. 4.3. At first, the SHG effect in a weak interaction
approximation is considered, which means that the depletion of the beam at w is considered
negligible. By doing so, we will introduce the necessity to fulfill a phase matching condition
in order to perform SHG with high efficiency. Prior to the study of SHG under perfect phase
matching condition, achievements of phase matching in nonlinear materials is considered. In
particular, the phase matching in birefringent material is discussed in details.

In the following, the theoretical description is treated with monochromatic plane waves. As
a first attempt, we intend to neglect any transverse (diffraction) or temporal (group velocity
walk-off, dispersion...) effects that would necessarily impact the efficiency of the process.

4.3.1 Undepleted pump approximation regime

A weak interaction efficiency is first considered, such that the depletion of the incident wave at
w can be neglected. Subsequently, the wave w will be referred to the pump wave or beam. The
variation of the field envelope A(w) along the direction of propagation z being negligible, one
seeks to solve the wave equation at 2w:

dA,(z)
=0
dz
dAs,(2) 1(2w) Y
— v P ,2 h2w= 4.6
dz 2€0n2w662 i (z 2w)e (4.6)

By substituting in (4.6) the expression for the nonlinear polarization

Pui(z,20) = cox? (2wiw,w) B(z,0) E(2,w)

= EOX(Q) (2("); w, w)ewewAZ;(z)eﬁkw.za

2Tt may also be referred to Doubling Frequency Effect.
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the wave equation at 2w is given by :

dAy(2)  1(2w) @) o Ak-z
= A ¢ 4'
- g el “(2)e , (4.7)

with Xg?f) = e, -é(z)(Qw;w,w)ewew the effective nonlinear susceptibility and Ak = 2k, — ko,

the wave vector missmatch. Under the undepleted pump approximation the integration of the
last equation is straightforward :

(2) 42
12w) Xeg A5 o . [ Ak Ak
Aoy (2) = el ¥ o9 — 2, 4.
2w (2) Drpc k sin { =2 Je' (4.8)

Assuming a configuration where the two waves at w and 2w are co-propagating along the same
direction z we have set Ak -z = Ak z.

Using the relation Iy, = 260n2wc|A2w|2, the spatial evolution for the intensity of the beam
generated along the crystal length z is:

(2w)? (2)‘2 o (Ak N\ I3
Do(z) = — 22 P 4,
2(2) 2eon2ng,c3 Xeft | S| 797% (Ak)? (49)
2w)? 2
- 825‘263 ijﬁ‘ sinc(Akz/2) I2 22, (4.10)
60 w 2w

Under the undepleted pump approximation, one can easily evaluate the maximum efficiency
than can be reached in a specific crystal:

i 127(4) B (2w)2
fISHG = I,  8eyninguc?

2
Xet

sinc?(Akz/2) 1, zQ.} (4.11)

In the case of a non-phase matched situation, i.e. Akz # 0, and following the preliminary
discussion we gave in 3.3.2, the beam intensity at 2w evolves along the crystal with an oscilla-
tory behavior, which is the consequence of successive constructive and destructive interferences
between the nonlinear polarization term P(?) (2w) generated inside the crystal and the free wave
E(2w) that propagates inside the crystal. To give an illustration, the evolution of SHG effi-
ciencies ngpc with distance for phase matching Ak equal to 10/L, 5/L, 2.5/L and 0, defined
respect to the crystal length L, are plotted in Figure 4.4. In case of Ak # 0, the maximum SHG
efficiency is reached at a distance L, = w/Ak, which refers to the coherence length (see p. 23).
As an order of magnitude, one can take the example of an SHG experiment in Quartz plate
at A = 1 um. Taking the refractive index difference at w and 2w equal to 1072, the coherence
length is 25 pm.

Although the maximum efficiency is reached for a perfect phase matching situation Ak = 0,
in practice, this condition might not be perfectly fulfilled in practice, which does not signify that
SHG can not been performed. For some application, it might be sufficient to minimize Ak in
order to maximize the coherence length and the SHG efficiency, which is inversely proportional
to (Ak)2. As illustrated in Fig. 4.4, the maximum SHG efficiency increases with 1/Ak in case
of of non-phase matched situations.

An other important comment concerns the dependence of SHG efficiency with the pump
intensity. Because of the proportionality between ngng and I, the quantity of SHG is expected
to increase by focusing the pump beam inside the crystal. As it will be frequently underlined,
nonlinear optics is related to beam intensity, and not to beam power. Now, we must remember
the limit of our present model that does not include diffraction effects, for instance. Intending
to increase the quantity of SHG, the beam size of the pump beam should be decreased. At a
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Fig. 4.4. Second Harmonic Generation efficiency under the undepleted pump approximation for phase matching
conditions Ak = 10/L, 5/L, 2.5/L and 0, with L the crystal length. The red curve Ak = 0 gives the maximum
efficiency that can be achieved in the crystal for a given pump intensity I,.

certain point, the improvement will face the diffraction limit : by reducing the beam size, the
Rayleigh length of the beam decreases, which tends to shorten the interaction length !

Despite these comments, the more important result concerns the necessity to fulfill the phase
matching condition Ak = 0, which is required to benefit for the maximum SHG efficiency in a
given configuration. In such a situation, nsuq scales with I, and with L?, the square of the crystal
length. Of course, one would rapidly reach the limit of the undepleted pump approximation.
Under such an efficient operating situation, the depletion of the pump intensity could not be
neglected anymore.

Before, we study the general solution in that case, we give considerations towards the tech-
niques to achieve the phase matching condition, which is one of the most critical point to achieve
while dealing with 2 nd order nonlinear experiments.

4.3.2 Phase matching considerations

The achievement of the phase matching condition Ak = 0 implies, for SHG experiment, the
equality n(w) = n(2w) between the two refractive indices of the nonlinear material at w and 2w.
In general, the frequency dependence of refractive index for lossless material shows a normal
dispersion, meaning that refractive index increases with frequency. As illustrated in Fig. 4.6(a),
the equality n(w) = n(2w) might be impossible in practice, if we consider isotropic material.

One could argue that such a condition could be specifically fulfilled nearby an optical res-
onance by using the dispersive shape of the real part of the linear susceptibility, which locally
undertakes an anomalous shape (with a negative slope of dn/dw). Such a situation remains ex-
ceptional, and can not be transposed over a broad operating frequency range and a large variety
of materials !

Instead, we may prefer to exploit the birefrengent properties of materials. Following the
reminder in 3.2, an anisotropic medium exhibits, at most, two refractive indices along a given
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Fig. 4.5. Variation of the refractive index with fre- y
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direction of propagation z. Each refractive index, n, or ng, referring to ordinary and extraordi-
nary indices, is related to a specific eigen polarization state, either e, or eg. Using the dispersion
relation, phase matching can be achieved for instance by selectively propagating the pump beam
at w along the ordinary polarized state e,, and the 2w wave along the extraordinary polarized
state ey as illustrated in Fig. 4.6(b).

In order to identify the different possibilities to achieve phase matching, we proceed by
deriving the nonlinear wave equations at w and 2w in a anisotropic medium. Without loss
of generality, we next consider the case of uniaxial crystals. We have shown in 77 that, in
birefringent materials, the nonlinear wave equation can take the simple form derived in case of
isotropic medium if the electric fields are decomposed along the eigen polarized states e, and
ey (and if we neglect the walk-off angle). In the case of SHG experiment, the two waves at w
and 2w will be decomposed into the sum of ordinary and extraordinary modes:

E(w) = Ey(w) + Eg(w) and E(2w) = E,(2w) + Ey(2w),
with
E,(w) = As(w)e, expi(ky(w).z)
Ey(w) = Ap(w)egexpi(kp(w).2),
and

E,(2w) = Ay(2w)e, exp (ko (2w).z)
Ey(2w) = Ap(2w)eg exp (kg (2w).2).

If we neglect the walk-off effect, the nonlinear wave equation (3.25) derived for anisotropic
medium is similar to that of isotropic medium. Keeping in mind the electric field decomposition,
the SHG problem requires the derivation of 4 coupled wave equations: 2 at w and 2 at 2w. To
identify the different phase matching situations, it is sufficient to set the equation at 2w (or w):

dA,(2w) 1(2w) —iko(2w)-2
_ o Prp(2w)eKo(20) 2 4.12
dz 260no(2w)ce Ni(2w)e (4.12)
dAg(2w) (2w) kg (2w) 2
= - Pnr(2 thelaw) =, 4.1
dz 260n9(2w)cee NL(2w)e (4.13)

with the nonlinear polarization at 2w,
Py (2) = eox® (2w, ) E(w) E(w)
= 0@ (20, ) (Bo(w) + Bolw) (Bolw) + Eo(w))
X (2030, 0) [ Bo() Bo(w) + Eo(w) Eg(w) + Eg(w) Eolw) + Eo(w)Bo(w)].
(4.14)

:EO

[l
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The substitution of (4.14) in wave equations (4.12) and (4.13) leads, for each polarization state,
to 4 terms contributing to the generation of a wave at 2w. Behind the apparent complexity of
the wave equations, one needs to identify one of the terms that will efficiently contribute to the
modification of the 2w wave amplitude. The selection between the whole terms (actually, the 8
terms) is dictated by the possibility to achieve or not the phase matching condition, enabling
to apply a selection between the different contribution terms. A quick analysis of the wave
equations shows that 2 types of phase matching can be fulfilled:

e Type I: phase matching realized through either k,(w)+ko(w) = kg(2w) or kg(w)+kg(w) =
k,(2w), leading to the necessary equality

no(w) = ng(2w) or ng(w) = ne(2w).

e Type II: phase matching realized through either k,(w) + kg(w) = kg(2w) or k,(w) +
kyo(w) = ko(2w), leading to the necessary equality

5 (20() + 7()) = ma(2) or 2 (mofw) + mg(w)) = no(2)

2
Application: SHG in uniaxial crystals
With the help of a graph, such that of Fig. 4.6(b), one can easily show that the 2w wave should
be necessarily polarized along the ordinary direction in a positive uniaxial crystal (n. > n,) and
along the extraordinary direction in a negative uniaxial crystal (n, > n.).

4.3.3 Phase-matched SHG regime

In the case of a perfect phase matching situation, the undepleted pump approximation given in
4.3.1 might become invalid as the pump intensity increases. To completely study such an SHG
situation, the derivation of the two coupled wave equations at w and 2w is necessary.

We next consider the copropagating nonlinear interaction depicted in Fig. 4.3 where the w
and 2w waves propagate along the direction z, with the electric field amplitudes:

E(w) = e1A;(z) e*1?
E(2w) = egAg(z) ™22

We suppose a type I phase matching, which means that the polarization states e; and es coincide
with the eigen polarization states e, and ey. This assumption allows to treat the problem with
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Fig. 4.7. Variation of pump intensity and the second harmonic intensity along the crystal length L in case of a
perfect phase-matching SHG experiment.

only two wave equations. For a type Il phase matching, one would have to set 3 coupled wave
equations: two at w (for e, and ey) and one equation at 2w (at e, or ey). The wave equations
for a type I phase matching Ak = 2k; — ko = 0, and neglecting the walk off, lead to

dAy 1(w) (2

—_— = "2 Ao AY 4.1
dAy  1(2w) (@) 9

— = A 4.1
B = ange Xet AT (4.16)

with the effective nonlinear susceptibility ng) =e; X@) (w; 2w, —w)ege; = GQ'X(2)(2W; w,w)eie].

Note the difference into the degeneracy factor set to 2 in the first equation, while it is set to 1
into the second. The resolution of these two coupled equations is not difficult, although a little
long?. Using the boundary conditions Aj(z = 0) = A1(0) and As(z = 0) = 0, one can show

141 (0)]
A = 4.17
Y osh (gl 01 0)]7) 1
As(z) = [A1(0)[ tanh (¢ A1 (0)[2) (4.18)
e
with ¢ = \/n)i%c. The spatial evolutions for the pump and second harmonic beam intensities

are plotted in Fig. 4.7. The graph illustrates the growth in SHG beam at the expense of the
decrease in pump beam intensity inside the crystal. The maximum SHG efficiency under perfect
phase matching interaction is

I
nsuG = tanh? | g2 L),
2n1ceg

Although the theoretical efficiency may reach 100 %, it can neither be achieved in practice.
Actually, the present model does not include major limiting effects like:

Walk-off effect: the wave equations used above are an approximation of (3.25) for which the
walk-off effect is neglected. A reduction in SHG efficiency is expected because of the

3For those interested by the demonstration, please refer to the original article by Armstrong et al. Phys. Rev.
127, p. 1918 (1962).
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angular mismatch between the two Poynting vectors related to w and 2w waves. In a first
approximation, one can compare the beam size ® and the quantity L tana ~ Lq, which
gives the beam deviation at the exit facet of a L thick crystal. The walk-off effect can be
neglected if & > Ltana.

Spatial effects: the present model treats the case of plane waves, and does not include inherent
diffraction effect that accompagnes the propagation of finite size beam. For a beam with a
diameter of 2wy, diffraction effect can be neglected since the Rayleigh length Zr = w3 /A
is much longer than the nonlinear crystal length: Zg > L.

Angular acceptance: as already mentioned, by focusing the beam inside the crystal we will
increase the pump intensity and increase the SHG efficiency. Now, a reduction of the
beam size is accompanied by an extension of the spatial frequency contents, namely the k
vectors. Whereas, the phase-matching can be fulfilled around a specific k value, it might
be imperfect for neighbouring values. As a consequence, the SHG beam profile would not
match with that of the pump, because of the non uniformity of the SHG efficiency.

Temporal effects: in general these experiments are performed with pulsed laser in order to
meet the required high peak powers. With typical crystal thickness of few centimeters,
temporal effects could affect the SHG efficiency since the pulse duration are shorter than
typically 100 ps, which corresponds to a pulse packet length of the order of 1 cm. For even
shorter pulse, the group velocity difference between the w and 2w might also be an issue.

4.4 Optical parametric amplification, fluorescence and oscilla-
tion

We now describe a three-wave mixing that requires an intense beam at ws. The simultaneous
propagation inside the crystal of the pump beam and a weaker signal beam at w; (or ws) is
expected to amplify the signal beam at the expanse of a decrease in the pump beam intensity.
From Manley-Rowe relations, we know that such an interaction will also result in the generation
of a third signal at wy = w3 — w1, which is usually referred to the idler beam. Such Optical
Parametric Amplification effect is studied in 4.4.1. Following the understanding of this amplifier,
one can easily envisioned to place it inside an optical cavity that would exhibit resonances either
at the signal or idler frequencies, or at both. This problem is actually very similar to the study
of a cavity laser, with few differences that will be underlined in 4.4.3.

4.4.1 Optical Parametric Amplification

Subsequently, we consider the propagation of 3 collinear waves at wi, wo and wy = w; + ws
inside a K(Q) lossless crystal. The ws beam is sent with a very high intensity, so that it is referred

to the pump beam. Considering a weak efficiency for the nonlinear interaction, and that the
signal and idler beam intensities are much weaker than that of the pump, the problem is solved
assuming the undepleted pump approximation (or also called the parametric approximation):
I3(z) ~ Cste. Considering the collinear configuration depicted in Fig. 4.8, the simplified wave
equations at w; and ws lead to

dA1 (109} (2) Ak
_— = A A* v Z 4.1
dz 2ncheH 326 (4.19)
dA

2_ 2 ng)AgA’{elAkz, (4.20)

dz  2nac
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Fig. 4.8. Optical Parametric Amplifi-
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Before solving these two coupled equations, it is important to insist again on the assumptions
that have been made. The beams are treated as monochromatic plane waves, which means for
instance that their Rayleigh lengths are supposedly longer than the crystal length in order to
neglect diffraction effects. The polarization states e, es and e3 are supposed to coincide with
eigen polarization states defined in the birefringent crystal for the direction of propagation z.
Hereafter, walk-off effect will also be neglected.

To solve the problem, one needs to eliminate the e’ phase term by introducing the new
variables
a(z) = EAl(z)e_lAk'z/2
w1
a3(z) = || Ap(=)e AR
w2
n3
=,/ —A3(2).
az(z) o 3(2)
Their substitution in (4.19) and (4.20) leads
day n Ak N
— 4+ 1—a; =10
dZ 2 1 80 2
da} Ak
sz - ZTGE = 1ygar,

with
X(Z) w12
v = =L As.
C nino

The derivatives of the previous equations enable to write

— 7y a2 = 0, (4.21)

with the parametric gain defined as

Ak\?
{72 = |’Yo’2 - <2> .

Before setting the solutions for signal and idler amplitudes, we need to emphasize the con-
dition at which amplification can occur. Actually, it arises from (4.21) that the form of the
solutions depends on the sign of the gain parameter 2. In case of a strong phase miss-matching
condition, for which v? < 0, the signal and idler amplitudes take oscillating solutions giving a
very weak amplification directly related to 1/Ak. In contrary, a situation with 42 > 0 insures
non-oscillating solutions and optical amplification can take place even if Ak # 0. The condition

(4.22)

to amplify the signal beam is then |yo|? > (%)2.
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Fig. 4.9. Optical Parametric Amplification simulations : variations of the signal and idler beam intensities along
the nonlinear crystal thickness L for v2 > 0 (left graph, with Ak = 0 and v = 1.2/L) and 72 < 0 (right graph,
with Ak =4/L and 70 = 1.2/L).

Assuming next a positive parametric gain v2 > 0, one seeks solutions of the form a; 2(z) =
Ch2exp(—vz) + Dj2exp(+7z) with the constants C12 and D2 to be determined with the

boundary conditions
ai(z=0) =, /EAl(O) and as(z =0) = 4 /@AQ(O).
w1 w2

The solutions are finally given by:

Ak K
[ALZ(Z) = A12(0) {cosh(’yz) - 22— sinh(’yz)] eAk=/2 4 212 51(0) sinh(’yz)emkzﬂ,} (4.23)
Y Y '
with K9 = :11’226X£?A3 an amplification parameter that depends directly on the nonlinear

susceptibility strength of the material and on the pump intensity.

Variations for signal and idler beam intensities are plotted in Figure 4.9 for 42 > 0 (with
Ak =0 and v = 1.2/L) and 72 < 0 (with Ak = 4/L and 7o = 1.2/L). While in the first case
(left graph) the two intensities increase gradually along the crystal thickness, they periodically
oscillate in the second case (right graph). Note that the plotted solutions coincide with a
situation where the idler beam intensity is set to 0 at z = 0 (A2(0) = 0). In that case, and
assuming a perfect phase-matching condition Ak = 0, the solutions are :

A1(z) = A1(0) cosh(yz) and As(z) = Z{?A{(O) sinh(vz). (4.24)

In conclusion, the derivation of the nonlinear wave equations (4.19) and (4.20) shows that
the interaction between a pump beam ws and a weaker signal beam w; < w3 can give rise to
an optical amplification of the signal beam. Optical amplification occurs if |yp|? > (%) , with

(2)
Yo = x"Tﬁ %Ag the intrinsic parametric gain and Ak = k3 — ko — k1 the phase-matching term.

For a given wavevector missmatch Ak, the pump intensity must reach the threshold value :

(AK)2ninanzcie

Iy, = (4.25)

2(ng))2w1w2

which is calculated setting the equality |yo|? = (%)2. The threshold intensity is null for Ak = 0,
and its minimum value for Ak # 0 is achieved for w; = we = w3 /2.
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4.4.2 Optical Parametric Fluorescence

The previous situation considers the interaction between a pump wave at w3 and a weaker signal
beam at wy (with w; < ws) leading to the amplification of the signal beam at the expense of the
pump for a perfect phase matching situation, and which is accompanied by the simultaneously
generation of an idler beam at wy = w3 — wy. Now, it is interesting to note that, following the
relation (4.23), the generation of the idler beam requires a non-zero incident signal beam. For
boundary conditions A;(z = 0) =0 (and Ay(z = 0) = 0), no idler can be generated.

Yet, and as it is illustrated in the figure 4.10 picture, pumping a 2nd order nonlinear crystal
with a UV laser beam results in the apparition at the crystal output of new frequencies arranged
in rainbow circles. The description of such a fluorescence effect, which is not predicted by the
previous classical model, requires the quantization of the electromagnetic fields. Such a quantum
approach shows that the annihilation of a photon at ws is expected and is accompanied by the
creation simultaneously of one photon at wi and one photon at ws. The directions toward which
the photons are generated are given by the vectorial phase matching condition k3 = k1 + k2, and
are distributed along circles in the case of uniaxial crystals (in accordance with the uncertainty
principle of quantum mechanics).

Numerous of quantum optics experiments use this spectacular fluorescence effect as photons
generated in a pair of signal and idler modes (defined by wavevectors that satisfy the phase
matching condition) are correlated.

Parametric fluorescence effect is also used to generate seed light to be amplified through a
succession of optical parametric amplifiers as illustrated in figure 4.11. Even more interestingly,
fluorescence effect serves as a first step to initiate a parametric oscillation inside a cavity, giving
rise to a new class of optical oscillators studied in the next paragraph.
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@, Fig. 4.12. Optical Parametric Oscillator (OPO)

(2) ‘ 1 ha, scheme. The interaction between an incident pump beam

- X - has ws and an intracavity nonlinear crystal gives rise to the
“s = l ha, generation of weak signal and idler beams through a para-
metric fluorescence effect. This beams serve as a seed

— that will be amplified after many reflections inside the
cavity. The cavity oscillation occurs for a pump inten-
sity at which the parametric gain strictly compensates
for the cavity losses over one round-trip.

4.4.3 Optical Parametric Oscillation

In order to achieve a higher efficiency in the amplification of the seed signal generated by
parametric fluorescence effect, the nonlinear material is inserted inside an optical cavity as
illustrated in figure 4.12. Following the successive reflections on the two mirrors, the signal
and idler beams are expected to experience amplification. Once the parametric gain exceeds
the cavity losses over one round trip, an oscillation of the cavity is expected, similar to that
observed in a laser. Such a source is called an Optical Parametric Oscillator (OPO).

At first, we consider the case of a singly resonant cavity for which the two mirrors of the
cavity only reflect the signal beam. The mirrors are then coated with anti-reflection layers to
prevent any reflection at the pump and idler wavelengths. Assuming a perfect phase matching
and using the relation (4.24), the oscillation threshold for a singly resonant OPO is given by:

ri7ry cosh(yoL) = 1, (4.26)

where 71 and 7} stands for the reflectance of the two cavity mirrors and L the nonllinear crystal
thickness. It is important to underline that the optical amplification of the signal beams only
occurs in the forward direction, for which a perfect phase matching is satisfied (assuming a
collinear configuration). Along the backward direction, the phase matching is not verified as
signal and pump beams propagate in two opposite directions.

In case of a doubly resonant OPO, with mirrors reflecting both the signal and idler beams,
one can show that the oscillation threshold condition satisfies:

/ /
1 + 7"17’17"27"2

cosh(ryolL) =
(L) 17y + rorh

: (4.27)

where ro and 7/, are reflectance of the two cavity mirrors for the idler beam.

Although it generates coherent beams, the operation of an OPO differs from that of a laser.
Optical amplification in OPOs is driven by a 2nd order nonlinear interaction, a parametric am-
plification, and has to be clearly distinguished from the amplification by simultaneous emission
of radiation for lasers. The latter is based on the pumping of active elements or dopants (atoms,
ions, molecules, electrons...) for their excitations to upper level states in order to reach the
inversion of the population between the two energy states involved for the amplification tran-
sition. The parametric amplification implies no transfer of energy between the pump and the
material as it is based on a non-resonant transition (we always consider lossless materials). The
gain saturation observed as the pump power increases is directly monitored through the pump
depletion consecutive of the transfer of energy between the pump and the two signal and idler
beams. As it is based on a non-resonant interaction, an OPO can be widely tuned in frequency,
where the tunability for a laser is limited by the optical transition linewidth. The tunability of
an OPO is achieved by changing the phase matching condition, either through an angular posi-
tion control of the crystal respectively to the cavity optical axis, or a control on the temperature
of the crystal.
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4.5 Quasi-Phase Matching

We have previously shown how phase matching condition can be fulfilled by exploiting bire-
fringence properties of materials. However, birefringent phase matching can not be achieved
in all materials, nor for all nonlinear interactions. More specifically, it may happen that the
exploitation of a strong nonlinear susceptibility tensor component does not allow any birefrin-
gent phase matching. Indeed, some materials (for instance Lithium Niobate) are characterized
by a strong X(Zzéz coefficient implying that all the interacted waves are polarized in the same
direction, which makes the phase matching impossible to realize by birefringence.

An alternative technique consists in introducing a periodicity in the nonlinear term source,
more specifically by periodically inverting the sign of the effective nonlinear susceptibility. One
reminds that in a non-phase matched situation, the wave intensity follows an oscillating variation.
Whereas, it reaches a maximum value after a distance z = 7/Ak = L., the coherence length
(3.3.2), the intensity decreases down to zero at z = 2 X L. as the nonlinear polarization being
out off phase with the free running wave at w. The solution consists in periodically inverting the
sign the crystal orientation in order to introduce a 7 phase shift to the nonlinear polarization
and to maintain a constructive interference with the free running wave.

As an illustration, let’s consider the second harmonic generation case in a configuration that

exploits the strong X(ZZ)ZZ coefficient. The 2w wave follows the wave equation (4.7)

dAz(z) _ 1(2w) 2 42 p0kz
dz 2ng,c et W ’

with ng) —ey- X(Z2)ZZe zeyz the effective nonlinear susceptibility and Ak = 2k, — ko, the wave

vector missmatch. By means of a technique presented below, we next introduce a periodic spatial

variation for ng)(z) = X.(a?f)o cos(K z) in the 2w wave equation

dAs, 2
2 (Z) _ Z( CU) ‘(32ﬂ‘)70 AZ; COS(KZ)@ZAk‘z,

dz " 2n9uC
W(2w) @) 4o TP+ Ak
= S oo Ae 5 ¢, (4.28)

which shows that a quasi-phase matched (QPM) situation is achieved since K = Ak = 2k, —ka,.
One concludes that a periodic inversion of the ng) sign, with a period A = 2 x L., leads to a
growth in the intensity at 2w. Compare to the case of a perfect phase-matching condition with

an effective susceptibility ng), the efficiency of SHG under the quasi-phase matching condition

is reduced by a factor 4 as the effective nonlinear susceptibility is ng) /2. Nevertheless, a phase
matching condition is reached in a configuration for which no birefringent phase matching can
be set !

The generalization to a 3-wave mixing configuration is straightforward. The quasi-phase
matched condition for the interaction between 3 waves at wi, we and w3 = w1 + we implies to
satisfy the equality k(ws) = k(wi)+k(w2) +Kqpwm, as illustrated in figure 4.13(b) for a collinear
configuration.

Material poling is achieved by applying a static field between electrodes, which leads to
a permanent domain reversal of the material. A patterning of the electrodes is performed to
realize a periodically poled crystal shown in figure 4.13(a) and to obtain a succession of piles
with inverted domains. Considering the propagation of Z polarized waves, the effective nonlinear

susceptibility for the even piles is XST)EV =ey- X(ZZ)Z yezeyz, whereas it is opposite for odd piles as

ng)OD = (—ez)- X(Z2)Zz(—ez)(—€Z) = _X’(jizﬂ\/' A more accurate description of QPM efficiency

consists in developing the effective nonlinear susceptibility with a square wave function S(z)
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Fig. 4.13. (a) Periodically poled nonlinear crystal with a period set to A = 2 x L. to satisfy the phase matching
for the 3 wave interaction depicted in (b).
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Fig. 4.14. Comparison in the power evolution under perfect phase matching (i), non-phase matching (ii) and

quasi-phase matching (iii) situations. The signs represent the sign of the effective nonlinear susceptibility Xiif)

along the material thickness. Figure from HCP Photonics https://www.hcphotonics.com/ppln-guide-overview

of period A = 2 x L.. Using the Fourier expansion S(z) = %Zp ﬁ sin ((2p + 1)27z/A), the
2
effective nonlinear susceptibility is then equal to zfr‘(e/fg
Finally, a comparison of power evolutions through a x(? nonlinear material for different
phase matching situations is shown in figure 4.14 (figure from HCP Photonics web site). Under
QPM, power evolution can be approximated by a parabolic curve, as for the perfect phase
matched situation, with a reduced efficiency due to a lower effective nonlinear susceptibility as

predicted below.
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5.1 Introduction

This chapter is dedicated to the study of 3rd order nonlinear optical effects, through which
4 waves at wiy, wse, wg and wyg = w1 + wo + w3 could interact in a material with a non-zero
third order susceptibility x®). In a first part, we will describe the so-called Four- Wave Mizing
(FWM) (5.3) interactions occurring in lossless materials. Generally, these interactions refer
to parametric interactions. Similarly to parametric interactions in x(?) materials, third order
optical parametric amplification process can be exploited to amplify a signal beam by means of
its interaction with a pump beam. This amplification is also accompanied by the simultaneous
generation of an idler beam. An other application of FWM is the realization of Phase-Conjugate
Mirrors, enabling the generation of a beam which is the phase-conjugated of an incoming signal.

Section (5.4) will present the Optical Kerr Effect related to the capability of an intense
beam to modify the refractive index of the material. The consequence on the propagation
of optical wave-packets (either temporal or spatial) will be analyzed in details, showing the
interdependence between optical Kerr effect and dispersion (in time domain) or diffraction (in
spatial domain).

The last section will focus on resonant nonlinear interactions involving a two-photon tran-
sition on the material, like two-photon absorption or emission effects, Raman or Brillouin scat-
tering.

5.2 Transfer of energy between an electromagnetic field and a
medium

We consider the propagation of an electromagnetic wave at w through a third order nonlinear

material. We suppose that it contains a nonlinear polarization y21C (w) radiating at the frequency
w. This term source could have been generated by the wave w itself through

POw=w-w+w) = 360§(3)E(W)E(7w)E(w),

or by means of a pump beam at w,. It that case the nonlinear polarization expression is L,

—

POw=w, —w,+w) = 6eox 3 E(wp) E(—wy)E(w).

The quantity of energy that is exchanged between the wave at w and the material, per unit
of time and volume is given by the relation (3.14) p. 21. Substituting P(w) = PM (w) + P®)(w)
into (3.14) leads to the relation :

ow " ,
=T = 20 (o1 @) 1B + 2000 ( X ) E@p)PIE@F. (61)

A nonlinear interaction implying a transfer of energy between the interacted waves and the
material requires a non-zero imaginary part X(S)” of the susceptibility (as for the linear case).

!Beside the difference in the frequency arguments between those two relations, note the difference in the
degeneracy factor. For a given effective material susceptibility, an interaction governed by w = wp — wp + w is
twice more efficient that an interaction w = w — w + w.
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Fig. 5.1. Four Wave Mixing schemes.
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5.3 Four-Wave Mixing

Third order nonlinear interactions involve interaction between 4 waves at wi, ws, w3 and wy =
w1 + we + ws. Hereafter, we study different Four-Wave Mixing (FWM) configurations, non-
degenerate and degenerate in frequencies, through lossless nonlinear materials with a purely
real x(®) nonlinear susceptibility (and a purely real linear susceptibility). As a consequence,
interactions will not be accompanied by any transfer of energy between the interacted waves
and the nonlinear material. As for the 2nd order nonlinear effects, one could easily show that
FWM interactions in lossless material follow the energy conservation relation:

hwi + hwo + hws = hwy.

Similarly, the derivation of nonlinear wave equations would give the following phase matching
condition:

k1 + ko + k3 = kq,

which is equivalent to a law of momentum conservation.

5.3.1 Generation of UV and IR beams

Figure 5.1 schematically illustrates (a) the capability for three incident waves at wi, wy and ws
to generate a fourth wave at wy = w1 +ws + w3, and (b) for one single intense pump beam at wy
to generate 3 waves at wy, wo and ws. These interactions are governed by the phase matching
condition ki 4+ ko + k3 = k4, which determines the directions of propagation for the 4 waves
(in relation with the dispersion property of the nonlinear material). Whereas the interaction
described in Fig. 5.1(a), which could serve to generate a UV beam from IR pump beams, can be
theoretically described solving nonlinear wave equations, the Fig. 5.1(b) interaction requires a
quantum description. Following the quantization of the optical electromagnetic waves, one could
show that, through the interaction, one photon at w, is annihilated to generate simultaneously
3 photons respectively at wi, wo and ws.

These third order interactions find some interests in centro-symetric material since their y(?)
vanishes. Now, one has to underline the inherently weak efficiency of these nonlinear effects,
since Y3 EEE < P EF for nonresonant interactions. A way to enhance the x® nonlinear
susceptibility consists in using a quasi-resonant interaction as depicted in Figure 5.1(a) for which
funy + hwa ~ hwgp, the energy transition between energy states |a) and |b).

5.3.2 Optical parametric amplification through FWM in an optical fiber

In the following, we illustrate the optical amplification of a signal ws using either two pump
beams wp1 and wp2, or one pump beam w,,, through the interaction depicted in Figure 5.2 where
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Fig. 5.2. 3rd Order optical parametric
amplification : a signal beam w; is ampli- CUS\ CUI-
fied through the interaction in a x® ma-

ho;
- thre nters (3) hw l
terial with one single intense pump beam - ‘ p
at wp. The interaction follows the en- (1)

ergy conservation relation hwp, + fw, = p ~ W h C()p I ha)s
S

1<

hws + hw;, with w; the frequency of the
idler beam that accompanies the ampli-
fication of the signal beam.

the beam frequencies follow the relation hw, 4+ hw, = hws + hw;. It is anticipated that the
amplification of the signal beam w; is accompanied by the generation of a third beam at w;,
referred to as the idler beam.

Optical fiber parametric amplifier: We next take the example of a parametric amplifier
realized in a length of optical fiber. Typically the fiber is made in silica. Although the value
of x® in silica remains rather small, significant amplification can be achieved in practice by
using a long interaction length easily achievable in optical fibers. In addition, it would give the
opportunity to play with nonlinear wave equations that has been derived in case of waveguides
(see section 3.5).

The complex amplitude related to the three waves is written:

E,(r.z) = emqﬁ?n(r)Am(z)e’ﬁ‘I(”m)Z, (5.2)

with m = p,s or i. The three waves propagate inside a waveguide along the z direction,
along which the waveguide is invariant. The mode field distribution related to each wave is
characterized by the wavevector 3,(wp,), the polarization state e, and the spatial distribution
@b (7). Assuming that the set of transverse modes form a complete base of normalized and
orthogonal modes, we have the relation (orthogonality between the transverse modes):

/ / O, (1) (1) dPr = 5,

Using the nonlinear wave equation (3.32), one can write three coupled wave equation at wy,
ws and w;:

dAp _ iwp @) 4 12

B e rmrXeprlAnl Ay

dAs W (3) 9 2 4% iABz

dZ = 2nscheff |:2§p—pS—S‘Ap| AS + éppi_SApAi e i| (53)
dA;  iw; , (3)

2 2 iA
L = 2 X 2 AP A G A A
As underlined by the right hand side term of wave equation (3.32), the modification of the
envelope field is governed by the spatial overlapping between the spatial dependent nonlinear
polarization term PN L) (r,w) and the spatial distribution of the mode ¢}, (7). As a consequence,
the three wave equations are expressed with overlapping coefficients, which are given by:

gy = L ionordr [ 9u6;*one’
e f¢l¢l*d2r f¢l¢l*d2r

where the indices i, j, k, and [ refer to any of the interacted waves indices, p, s or i. Subsequently,
we consider the propagation in a single mode fiber. The variation in the confinement for the

and fi—jk—l = (54)
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three waves is neglected and the overlapping coefficients are taken equal. Finally, the interaction
efficiency is governed by the phase matching term:

Aﬁ = 26}) - Bs - /81 (5'5)

Note that nonlinear wave equations (5.3) assume that signal and idler wave intensities are
much weaker than the pump intensity.
We start by deriving the wave equation for the pump:
dA, .
? = Z’YPpAp,
which has been expressed in terms of the pump power P, = 2nceolAp\2 IS &1d*d*r and the
parametric gain coefficient ~:

_Bwp S ép|*d*r X(3)
4egnc (f|¢p|2d2'r)2 eff

(5.6)

Under a parametric regime, i.e. neglecting the pump depletion, the pump wave evolution
follows

Ap(z) = A0)e P
= 14,0,

where 6 is the linear phase related to the pump wave A,(z = 0). The solution shows that,
under parametric interaction, the undepleted pump wave experiences a nonlinear phase shift
Oy (2) = 7Ppz. This nonlinear effect refers to Optical Kerr Effect that is studied in more
details in section 5.4.

Substituting the pump wave evolution in wave equations (5.3), one can re-write wave equa-
tions for signal idler waves:

As s L
d _ i/ypp&i [2145 + Ar621961(Aﬂ+27Pp)z} (57)
dz Wp N
W~ B, ot 4 A0 AR (5.8)
dz Wp Ny

In order to simplify those coupled equations one can introduce new variables:

Bs(z) = As(z) exp <—2i7Ppnpws> and B (z) = Aj(z) exp (—I—Qz"prnp%) ,
Wp Mg Wp Ny

leading to the set of coupled equations:

aB ; Np Ws i iK'

dzs = zprw—in—ze OB (z)etH (5.9)

TZZ = _wppwfznf:e Y Bs(2)e " 2. (5.10)
with K/ = A3 +2vP, [ - Z—z (‘;L’—z + %)} Actually, the previous coupled equations take a form

similar to those derived for the parametric amplification in a x(?) material (section ??7), helping
in deriving the solutions in case of parametric amplification in a y(3) material.
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Assuming the boundary conditions A;(z = 0) = 0 and As(z = 0) = Agp, the solutions for
signal and idler optical power evolutions are:

F/2 )
Ps(z) = Ps(0) |1+ 77 sinh?(g'z) (5.11)
W;iTs .,
Pi(z) = o, PS(O)W sinh“(¢'z), (5.12)

with TV = fprZ—Z, [eies and g? =172 — KT,Q, the parametric gain.
The amplification factor for the signal can be directly derived from (5.11):

P/Q 5
G(z) = psmh (g'z). (5.13)
As a conclusion, an incident signal wave at wg is subject to amplification through its in-
teraction with a pump beam at w, in a x®) nonlinear material. Assuming a lossless material,
this amplification is accompanied by the generation of an idler beam at w; = 2w, — ws. The

amplification factor is directly proportional to the pump intensity? and depends on the phase
s :—: . As it will be underlined
below, this phase matching condition is influenced by the Optical Kerr Effect, through the term
proportional to vF,. Considering that Z—Z ~ Z—z ~ Z—Z, the phase matching condition can be
simplified in:

np
Wp

matching condition given by K’ = Af + 2vP, [ -

K' = AB+29P, [1—”1’(‘”5+“”>]

wp \Ms Ny

~ AB —27P,. (5.14)

In the case of a perfect phase matching condition K’ = 0, the amplification factor reaches its
maximum value for K’ = 0:

Graz(z) ~ sinh? (vPpz)
~ sinh?(®n(2)) (5.15)

: n .
since g’ =I". We have assumed that "2 ~ Be ~ B,
D s 7

Comments:

e The phase matching condition is described by a linear term, A/ the phase mismatch be-
tween the interacted waves, and a nonlinear effect related to the nonlinear phase ®nr.(z) =
P,z experienced by the pump wave. As it will be explained in the next section, the pump
intensity modifies the refractive index of the material, which directly influenced the phase
matching condition.

e Concerning the phase mismatch AjZ = 23, — 3, — 3; between the interacted waves, we show
its relation with the dispersion coefficient 53 of the material (or the waveguide). Indeed,
one can write ws = w, — €2, meaning that w; = w, + Q. if we consider a narrow spectral
interval 2 between the interacted waves, i.e. £ < wp, the Taylor’s expansions for 35 and
B; show that AS ~ — (02,

2The amplification factor depends on the quantity vP, and, one could note that the expression (5.6) for y
depends on the mode field distribution of the waves.
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Fig. 5.3. Left: Parametric gain g’ accumulated over a length L with the phase mismatch ABL for two nonlinear
phase values. Right: Amplification gain for the signal Ps(L)/Ps(0) for nonlinear phase varying between 0 to 1,
for two phase mismatch values.
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Neglecting the Optical Kerr Effect, parametric amplification would require the propagation
through a waveguide with a zero dispersion, 8o = 0. However, the phase matching is
fulfilled since K’ = 0, implying A = 2vP,(z = 0). Now, depending on the sign of
the nonlinear coefficient ngc)f (equivalently of 7), phase matching can only be fulfilled with
dispersion coefficient 8 which takes an opposite sign. Considering for instance, parametric
amplification in a silica fiber, for which ~ > 0, amplification implies the propagation in
anomalous dispersion regime with 8y < 0 3.

e Parametric amplification occurs only if g2 > 0, or ['? > K'? /4, which implies the following
condition for the linear phase missmatch: 0 < Af < 4yF,. The maximum value for
amplification is reached for A = 2yP,, coinciding with K’ 2=0.

5.3.3 Optical Parametric Fluorescence Effect

We next consider the FWM depicted in Figure 5.2, but where we suppose that only one pump
beam is incident on the x®) material. The solutions (5.11) for the FWM wave equations show

385 < 0 coincides with a positive dispersion coefficient D.
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that, with the boundary conditions As(z = 0) = 0 and A4;(z = 0) = 0, the signal and idler power
remains null: Py(z) = 0 and P;(z) = 0. However, and similarly to the parametric fluorescence
effect observed in a y(2) material, signal and idler photons are generated at frequencies which
minimize the phase matching condition for the material (or the waveguide) used in the experi-
ment. A complete description of such an effect requires the optical field quantization at ws and
w;i, with an approach similar to that of a x( fluorescence effect.

Figure 5.5 illustrates the generation of signal and idlers photons in a photonics crystal fiber
(inset) subject to the injection of 1 ps pulse duration at 850 nm. As the pulse power increases,
the signal and idler side-bands are amplified, corresponding to the amplification by FWM of
photons being initially generated through a parametric fluorescence effect.
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5.4 Optical Kerr Effect

5.4.1 Nonlinear refractive index

We consider the propagation of a monochromatic wave at w in a y®) nonlinear material and
study the consequence of the nonlinear polarization at w:

POw=w-w+w) = eoé(z)’) (wyw, —w,w)E(w)E(—w)E(w). (5.16)

The total polarization that is generated inside the material is:
P(w) = PY(w) + P®(w)

— ¢ [XO)(W)E(W) + X (w;w, —w, W) E(w)E(—w)E(w)] . (5.17)

1<

During its propagation the wave w will be modified through the effective polarization
— (3) 2 1kz
e - Pw)=¢ |:Xeff + Xt |AW)]7 ] A(w)e™, (5.18)
—_———

which shows a modification of the linear susceptibility proportionally to the wave intensity. The
contribution from the imaginary part x’ of the third order nonlinear susceptibility induces a
modification of either the absorption or the amplification coefficient of the material (depending
on its sign). One can refer to the situation of the two-photon absorption (or emission) that will
be studied later.

Subsequently in this section, we will consider the contribution from the real part x.g of
the third order nonlinear susceptibility, which modifies the refractive index of the material
proportionally to the wave intensity. Such an effect refers to as optical Kerr effect. Next, we
assume a lossless material in order to neglect the contribution from the the imaginary part x7;.
One reminds the relation between the linear refractive index and the linear susceptibility for an
isotropic material: ng(w) = /1 4 Xeft(w). The modification of the refractive index from optical
Kerr effect follows the relation :

n2(w) = 1+ xerr(w) + x| A(w)?

(3)
Xoff I(w ] .

1+ el —
2ng(w)eoc

= nj(w)

The nonlinear interactions lead to very weak refractive index variation, enabling to write

{n(w) =nop(w) + HQI(CL)),} (5.19)
with
(3) 3 (e . X(3)eee>
4nd(w)eoc 4nd(w)egc

the nonlinear refractive index. As underlined by the relation (5.19), the nonlinear refractive
index unity is m?/W.

To conclude, we have shown the capability for a wave to modify the refractive index of a
material, proportionally to the wave intensity and a nonlinear refractive index (a characteristic
of the material)*. As an example, the nonlinear refractive index for silica is no ~ 3 1072° m2/W.

1A modification of the absorption (or the gain) originates from the x® imaginary part.
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Interestingly, optical Kerr effect can also be induced on a wave w through its interaction with a
second intense beam at w,. As the refractive index change is governed by a distinct wave, the
nonlinear polarization at w is:

j21C) (w) = eoé@) (wjw, —w,w)E(w)E(—w)E(w) + eoé(?)) (w; wp, —wp, w) E(wp) E(—wp) E(w)

~ cox®) (s wp, — s ) Ewp) B(—10p) E(),

assuming that |E(w,)|? > |E(w)|?. In such a cross-effect, the nonlinear refractive index differs
by a factor 2 (because of the difference in the degeneracy factor) and we get:

n(w) = no(w) + 2nal (wp).

5.4.2 Physical origin of n,

We briefly mention various physical origins that generate a nonlinear refractive index in mate-
rials.

Nonresonant electronic nonlinearities: This contribution arises from the bound electrons
of polarized entities. It coincides with a very fast response time, typically of the order of
107" 5. As a non resonant effect, it gives rise to a very weak efficiency with ng of the
order of 1072Y to 10718 m?/W.

Kerr effect induced by molecular orientation: The interaction between coherent electric
fields from intense laser beams and anisotropic molecules induces an orientation of the
molecules, which exhibits a refractive index variation proportional to |E|?. Despite a
lower response time, 107! to 107!2 s, the ny values are higher (107 — 10717 m?/W).

Electrostriction effect: The modification of the material density under an inhomogeneous
illumination contributes to higher value for ny (107® m2/W), but with a low response
time (about —us).

Thermal effect: In materials with absorption, the absorbed energy contributes to increase the
temperature of the illuminating portion of the material, and leads to a variation of the
refractive index. It may be very efficient but very slow.

5.4.3 Self-phase modulation

The modification of the refractive index necessarily induces a phase shift of the wave, which is
proportional to its intensity. In a case of the wave packet, either a temporal or spatial wave
packet, the respective intensity varies with time or space leading to a spectral broadening. This
time- or space- dependent phase shift induced by an intensity-dependent refractive index change
is called self-phase modulation effect (SPM).

As a first analysis, the linear effects such as dispersion or diffraction, which govern the
propagation of temporal or spatial wave packets in linear regime, will be neglected. The nonlinear
wave equation for a lonely wave packet propagating through an optical Kerr medium is given
by

9A(p, z)

5, = konal (p, 2)A(p, 2), (5.21)

where the envelope distribution A(p, z) is either described in time (p = t) or space (p = r)
domain. Prior to further analysis, one can notice that the phase matching condition is automat-
ically fulfilled with SPM effect.
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Considering the propagation in a lossless material, the nonlinear refractive index ng is a
purely real quantity, and equation (5.21) shows that the wave intensity is invariant with z. The
wave equation (5.21) can be easily integrated and the solution is:

A(p, z) = A(p, 0)ethon21(0)z
= A(p,0)e'nr(p?) (5.22)

where O, (p, z) = konal(p)z describes the accumulated nonlinear phase shift along the prop-
agation distance z. Whereas, the envelope (or the intensity) distribution of the wave-packet
remains unchanged®, optical Kerr effect induces a self-phase modulation effect. The time, or
space, dependent nonlinear phase ®n,(p, z) exhibits a spectral broadening of the pulse.

Taking the example of a temporal pulse, an order of magnitude of the spectral broadening
can be calculated by expanding the phase term related to the wave-packet electric field:

E(t) = eA(t)e!wot=xl)) L 0 O

dPNt, (1)

~ eA(t)eZ(wo_ dt )t +C.C.

The self-phase modulation induced spectral broadening can be approximated by:

don(t) dI(t)
Awt, = —— g7 = —kone—o

. (5.23)

For a symmetric temporal evolution of the pulse, one expects a symmetric spectral broadening
since the intensity time variations follow the same variation for the front and tailing edge of the
pulse. However, they differ with their sign. Indeed, dI/dt is positive at the front edge of the
pulse, leading to a negative (resp. positive) frequency shift Awny, for a positive (resp. negative)
nonlinear refractive index ng. During the tailing edge of the pulse, a positive (resp. negative)
frequency shift Awny, is expected for a negative (resp. positive) nonlinear refractive index ns.

Self-phase modulation of a temporal pulse through a positive Kerr material (ny > 0) is
illustrated in Figure 5.6. Whereas the envelop pulse shape remains unchanged along the prop-
agation, the optical carrier frequencies vary with time with red spectral components coinciding
with the front edge of the pulse, and blue spectral components with the tailing edge. The output
optical spectrum exhibits a broadening respect to the input spectral linewidth.

The evolution of self-phase modulation induced spectral broadening with the accumulated
nonlinear phase is plotted in Figure 5.7 for a gaussian shape pulse and experiencing nonlinear
phase from 0 to 3.5m. The amount of nonlinear phase is evaluated through ®n1, = konalpz,
with Iy the intensity peak power of the pulse. As the nonlinear phase ®np, increases, the
optical spectrum for the outgoing pulse undertakes a larger symmetric broadening, which is a
characteristic of a self-phase modulation induced spectral broadening.

5.4.4 Nonlinear Schrodinger equation

From the previous section, we have learned that the propagation of a wave packet through a
pure Kerr medium leads to a phase modification proportionally to the wave intensity. A pure
Kerr and lossless medium is then equivalent to a spatial or/and a temporal phase modulator, for
which the phase level is linearly coded with the wave intensity (and the propagation length), and
can be referred to as Kerr lens effect. Since the optical Kerr effect can be equivalently described
by a lens effect, one can easily understand the importance (and the richness) in describing the
propagation of a wave packet in a medium that includes both a nonlinear Kerr term combined
with linear effects, such as diffraction and/or dispersion.

as |A(p, 2)| = |A(p,0)] in Eq. (5.22)
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Fig. 5.6. Self-phase modulation effect induced spectral broadening for a pulse propagating through a length of
optical fiber, characterized by positive na. Whereas the pulse experiences a spectral broadening, the pulse shape
and duration are not altered. [Picture courtesy of Margaux Barbier]

AN

¢y =051

1540

1550

1560 1570 1540 1550 1560 1570

0.10 — 0.10
S 008 ¢NL ] 0.08
©
~ 0.06 0.06
=
[
= o004 0.04
[e]
o
002 0.02
0.00 = 0.00
1530 1540 1550 1560 1570 1530
Wavelength (nm)
0.10 B 0.10
- ¢y=15n
5 oosf NL q 0.08
©
~ 0.06 0.06
=
o
2 om 0.04
[e]
a
002 j k 0.02
0.00 0.00

dy=2.5T1 Gy=35m1

1540 1550 1560 1570

Wavelength (nm)

1540

1550

1560 1570 1530 1540 1550 1560 1570

Fig. 5.7. Spectral broadening of a gaussian pulse through self-phase modulation effect and for nonlinear phase

varying from 0 to 3.57.



5.4 Optical Kerr Effect 61

At this stage, and without any formalism, one can easily anticipate three basic features
that will arise by considering the propagation through a Kerr material taking into account the
diffraction or the dispersion effects:

Self-focusing effect: Whereas the beam would expand along the propagation due to the linear
term (diffraction in space, dispersion in time domains), as the intensity increases and
considering a positive ny > 0, the accumulated Kerr lens along the propagation will tend
to counter-balance the linear effect and to focus the beam. As it will be shown below,
self-focusing effect for a temporal wave packet requires an anomalous dispersion regime

(B2 <0).

De-focusing effect: For a spatial beam, a defocusing effect appears once the Kerr lens acts
as a divergent lens for ng < 0. In the time domain, defocusing arises when the nonlinear
refractive index no and the second order dispersion coefficient 85 are similar in signs.

Soliton effect: Finally, one can easily anticipate a situation where the beam expansion, gov-
erned by a linear term, is perfectly counter-balanced by the nonlinear Kerr lens effect,
which leads to an invariance in the beam size along the propagation. Such a specific sit-
uation refers to as a soliton effect, and can be observed either in time or space domain.
While the beam propagates, it records its own Kerr lens that strictly compensates for the
expansion driven by either the diffraction of the dispersion effects. Such a nonlinear prop-
agation regime founds similitudes with the propagation in optical waveguides®. Whereas a
spatial soliton is similar to a two-dimension waveguide, with an index profile self-recorded
by the spatial beam, a temporal soliton is temporal analogue waveguide !

A more accurate description requires to derive a nonlinear equation that includes both a
linear and Kerr terms. Subsequently, the linear effects coincide either to diffraction, which
operates in the spatial domain, or to the second-order dispersion effect, which operates in time.
Using the nonlinear equations (3.26) and (3.28), and substituting the expression for the nonlinear
polarization envelop in case of a pure Kerr effect:

TIn.(p, 2) = X2 Alp, 2) P A(p, 2)e,

yields the derivation of two wave equations in time and space:

OA(T,z) | 182 O*A(T, 2) 2 _

5ty g AT PArE) = 0, (5.24)
0A(r,z) 1 2 _
QA2) | LA A(r ) — A 2)PAlr2) = 0, (5.25)

with v = %XS&)- Note that the wave equation in time (5.24) implies to neglect the nonlinear

susceptibility dispersion of the material, such as the effective susceptibility Xl(j-f) is kept constant
with negligible frequency variation. In an other way, one considers the time response of the
materials much faster than the pulse duration, which is an assumption easily verified for sub

picosecond pulse in dielectric materials.

Normalized Equation - Dispersion and Nonlinear lengths

In order to give physics insight into the derived nonlinear equations and to handle their numerical
simulation, the following unitary variables are introduced:

A guided mode is a solution of a linear wave equation in an inhomogeneous linear material for which, diffraction
effect is strictly counterbalanced by the refractive index inhomogeneity of the wave guide.
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e Unitary time T = ;—O, with 79 the pulse duration,

e Unitary transverse coordinate R = %, with wy the beam waist,

Iy
2nceg

e Unitary field envelope u with A(p, z) = u(p, z), where Iy the peak intensity of the

pulse or beam.

After substitution in (5.24) and (5.25), one gets:

(811 15ign(Ba) 0u B |u|?u

9z ' 2Lp 01? ZLNL:O’ (5.26)

and

ou 1 0%u |u|?u
— — = 2
0z 2LR aRQ ZLNL 0 (5 7)

where the quantities:

2
e Lp= I%I refers to the dispersion length,

2
o Lp= % refers to the Rayleigh length,

e and Ly = m refers to the nonlinear length or Kerr length.

The similitude between the two wave equations (5.26) and (5.27) is straightforward as they
both describe the envelop distribution u(7, z) or u(R, z) evolution along the propagation distance
z. The propagation is governed by a linear term, the second order dispersion effect for (5.26)
and the diffraction for (5.27), and a nonlinear Kerr term proportional to wave packet intensity
distribution |u(T, 2)|? or |u(R, z)|?.

By priorly calculating an order of magnitude of the linear and nonlinear lengths, one can
easily anticipate the regime of propagation involved in any specific application. Setting the
total propagation distance to L and if L <« Lg or Lp, the diffraction or dispersion effects can
be neglected. Similarly, L <« Ly, implies a propagation in a linear regime for which the Kerr
effect can be neglected.

Non-Linear Schrédinger Equation (NLSE)

Actually, the wave equations (5.26), (5.27) can be rewritten under unitary parameters by intro-
ducing a normalized distance £ = z/Lp:

ou  10%u
4 4 N2y = 2
Z(?f 59,2 + N4u|*u O,J (5.28)

with the parameter N2 = Lp /LN that sets the strength between the linear and nonlinear
effects. This equation corresponds to the well known Non-Linear Schrodinger Equation (NLSE).
Except for some specific cases, solutions for the NLSE can not be derived analytically and their
derivations require a numerical method. The choice for the £ sign in front of the second term
of the NLSE is equal to —sign(f2) for pulses, and + for beam propagation subject to optical
diffraction.
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Fig. 5.8. Split-Step Fourier algorithm
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Numerical simulation: the Split Step Fourier method

In order to illustrate some of the behaviors undergone by a wave packet, one first introduces a
standard numerical recipe for the NLSE. The wave equation (5.28) can be written in a following
symbolic form:

ou - "

— + Lu+ Nu =0, (5.29)

23
with L = +1 SignQ(/B 2) ;—;Q or L = —188722, a linear operator that accounts for either the second-order
dispersion (in case of a pulse propagation) or the diffraction (in case of a beam propagation),
and N = —2N?|u|? a nonlinear operator. A general solution takes the form:

u(p, &+ AE) = exp ((L + N)AE)u(p, €).

The operator exp ((f)—i—N )A{) takes into account simultaneously the linear and nonlinear effects.
However, one can simplify this operator using the Baker-Hausdorff formula 7:

exp ((f/ + N)Af) ~ exp (NAg) exp (ﬁA§) exp (— L, N](AE)Q) (5.30)

The exponential term [f), N | = LN — NL can be neglected as it contains a second order term
in (A¢)2. The wave equation (5.29) can then be approximated by the relation:

< A « - A
u(p, &+ Ag) ~ exp[L?g] exp[NAE] exp[Lé]u(p, €). (5.31)

Whereas the propagation is governed by two simultaneous effects, the linear and optical Kerr
effects, equation (5.31) approximates the propagation by separating these two contributions.
Such an approximation is valid since the propagation distance A¢ is kept small. The medium
is then split along £ in slices with an equal thickness A¢. The numerical resolution follows
the iterative algorithm describes in Fig. (5.8). Within each slice of medium, one first apply
the linear term (diffraction or dispersion) under which the wave packet undergoes an expansion
(in space or time). In general, this calculation step is achieved in the Fourier domain as the
linear operator in the Fourier domain takes the form of a phasor. Following this first step, the
nonlinear operator is applied, symbolically described by a thin lens effect in Fig. (5.8). One
reminds that the Kerr lens effect can be either a convergent or divergent lens depending on the
sign of the nonlinear refractive index ns.

" Approximation used in quantum physics to simplify quantum operators. For instance, refer to chapter 4 of
the book ”Contemporary optical image processing with MathLab” from Poon and Banerjee, Elsevier (2001).
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Fig. 5.9. Nonlinear propagation of a wave packet for various nonlinear strength set by the parameter N. (a)
Self-focusing effect with N = 1.5, (b) De-focusing effect with N = 1.5, (c¢) Fundamental Soliton solution with
N =1.

Self-focusing and De-focusing effects

Considering a nonlinear propagation, with N > 1, one can easily understand that the Kerr
lens effect may produce a self-focusing or de-focusing of the wave-packet, which depends on the
signs of the linear and nonlinear coefficients in the NLSE. Figures (5.9)(a) and (b) show the
temporal shape of a pulse along the propagation in a nonlinear regime that is simulated with
the parameters : N = 1.5, anomalous dispersion regime (2 < 0), and ng > 0 for (a) and ny < 0
for (b). In such a nonlinear regime (as Ly, < Lp) the Kerr lens effect is dominant and the lens
property (converging or diverging) is set by the sign of the nonlinear refractive index ns.

A similar result could have been achieved with the propagation of spatial wave packets
(transverse beams). As the diffraction in standard materials implies a fixed sign for the linear
operator, self-focusing and de-focusing effects respectively requires positive and negative no
materials.

Soliton effect

A very interesting situation happens once the Kerr nonlinear operator strictly counter-balances
the diffusing like linear operator in the NLSE. Actually, it can be shown with standard gaussian
shape beam (pulse) that a strict compensation of diffraction (2nd order dispersion) by a positive
Kerr lens effect arises since N = 1. Using the graphical representation of the NLSE depicted
in Fig. (5.8), the nonlinear regime N = 1 coincides with a situation where the Kerr Lens in
each elementary slice A¢ of material perfectly conjugates the incoming and out-coming wave
packet shapes. In an other word, for every slice the linear expansion of the wave-packet (driven
either by the diffraction or the 2nd order dispersion effects) is strictly compensated by the Kerr
lens ! Under such a condition, and as illustrated in Fig. 5.9(c), the wave-packet shape can be
conserved along the propagation and coincides to a soliton, either a temporal or spatial soliton.

Now, this solution requires to perfectly control the incoming pulse or beam shape, as it will
directly impact on the Kerr lens profile. Actually one type of solution of the NLSE equation
(5.28) for solitons are given by :

u(p) = Nsech(p),

for which N = 1 coincides to the fundamental soliton shown in Fig. 5.9(c). For further in-
formation about optical soliton, one can refer to Nonlinear Fiber Optics, Ch.5 by Govind P.
Agrawal.

5.4.5 Modulation instability

M WORK AREA !!!
Part to be completed in the next version, sorry !



5.5 Raman Scattering 65

(a) Spontaneous Raman Scattering

NN/

~— G?quuid,solid/
— f{}?,w; —
ol

N\
VAN RN

(b) Pump Rayleigh peak

Anti-Stokes Raman peaks

\ N\

w,

Fig. 5.10. Scattered light from a molecular material (gas, liquid) or a solid (amorphous or crystal) with an
incident wave at wr. The spectrum analysis of the isotropic scattered light shows (b) Stokes and Anti-Stokes
spectral peaks symmetrically located to a strong Rayleigh peak at wr,.

5.4.6 Nonlinear Kerr optical cavity: optical bistability

M WORK AREA !!!
Part to be completed in the next version, sorry !

5.5 Raman Scattering

The so-called Spontaneous Raman Scattering has been first observed experimentally by Sir C.V.
Raman in 1928%. Asillustrated in Fig. 5.10(a), an incident wave at wy, is focused inside a material
composed of molecules (gas, liquid) or bounded atoms (amorphous or crystal solids) and the
experiment consists in analyzing the spectrum of the scattered light. In addition to a strong peak
at wr, due to Rayleigh scattering, additional peaks can be observed (see Fig. 5.10(b)) with a
much weaker intensity (several orders of magnitude weaker) than the Rayleigh peak. Moreover,
those additional peaks are symmetrically located respectively to the Rayleigh peak: the spectral
lines with a lower frequency (lower energy) referred to as Stokes Raman lines, whereas the
spectral lines with a higher frequency (higher energy) referred to as Anti-Stokes Raman lines.
Experimental observations show that, for any Stokes peak located at a frequency wg, one can
observe an Anti-Stokes peak at was = wr + (wr, —wg). The equal quantity wy —wg = wag—wr, is
called the Raman shift and coincides with a vibrational mode of the molecules or bounded atoms

8See, C.V. Raman and K.S. Krishnan, A new type of secondary radiation, Nature 121, 501-502 (1928).
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that compose the materials. Despite a modification of the incident light frequency wy,, the Stokes
and Anti-Stokes peaks move, keeping symmetric respectively to wy, and conserving their related
Raman shifts. As illustrated in Fig. 5.10(b), the spontaneous Raman spectrum is composed
of different Raman shifts, which characterize the material under study. Raman spectroscopy
consists in identifying Stokes peaks, in terms of positions and relative magnitudes, enabling
to identify the compounds of a material. An other important observation concern the relative
magnitude between the Stokes and Anti-Stokes peaks, the latter being always much weaker than
the former. Moreover, the magnitude of the Anti-Stokes peaks varies with temperature and can
be used to realize optical sensing.

In the following, we first introduce a classical description of spontaneous Raman scattering
which originates from the polarizibility fluctuations of molecules due to vibrating modes. We
will show that Raman scattering can be stimulated by through a double excitation at wy and
wg, providing that wy — wg match with the Raman shift w, of the molecular material. Under a
stimulated regime, the Stokes beam at wg is amplified at the expense of the pump beam at at wy,,
leading to a cascading regime with the generation of successive Stokes peaks at wg1 = wr, — wy,
Wgo = Wg1 — Wy, W3 = Wg2 — Wy, etc. Such a Raman cascading effect is used in Raman fiber
lasers.

5.5.1 Spontaneous Raman Scattering
Microscopic origin

A classical interpretation of the Raman scattering consists in analyzing the polarizability of a
molecule, for instance a bi-atomic molecule, shown in Fig. 5.10, subjects to a monochromatic
field at w. The Raman scattering arises from the fact that we consider the vibrating motion of
molecules, characterized by a vibrating mode (elongation, rotation) with an eigen (or resonant)
frequency wy.

Under this vibrating mode, the distance between the two atoms varies in time and modifies
the polarizability of the molecule following the relation:

foJe'
a(q) :0404’8*((]—%)‘1‘“' ; (5.32)
q
where gy and «g denote respectively the distance between the two atoms, and the linear polar-
izability for the non-vibrating molecule. Considering a vibrating motion at the frequency wy,,
the distance between the two atoms is given by:

dq = q — qo = q1 cos(wyt). (5.33)

A monochromatic wave £(t) = Ep coswt is now interacting with the molecule and the induced
dipole p = aF yields:
10«
p = apcoswt + iaqul [cos(w + wy)t + cos(w — wy)t] + - - - (5.34)
This relation shows that the interaction between a wave at w with molecules vibrating at wy,,
which is responsible for a modification of the polarizability of the molecules, leads to an induced
dipole with frequency components at w (linear regime, related to Rayleigh scattering), and two
components at w — w, and w + w,, referred respectively to as Stokes and anti-Stokes Raman
scattering spectral components. This classical model gives a simple insight in the origin of the
Stokes and Anti-Stokes Raman lines that are observed, for instance, in Raman spectroscopy
experiments. It justifies that the two lines are symmetrically located respectively to the fre-
quency of the excited field, or pump wave, at w, the spectral interval being related to the eigen
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frequency of the vibrating mode of the molecule. By conducting such a Raman spectroscopy
and using tabular values for the vibrational mode of molecules, one can identify the compounds
of a material.

However, this model does not account for a systematic asymmetry in the magnitude of
the two lines. The Anti-Stokes Raman components are always weaker than the Stokes Raman
components. Actually, such a Raman type interaction can be described using energy diagrams
shown in Fig. 5.11, where an incident wave at wy interacts with a vibrational mode at w,.
The latter coincides with a transition between two molecular states |a) and |b). As the various
interactions involve the energy conservation relation, the Stokes Raman scattering (Fig. 5.11(a))
coincides with the excitation of a molecule from states |a) to |b), assisted by two photons at
wr, and wg. Such a two-photon transition is conducted through the annihilation of one photon
wr,, leading to the creation of one Stokes photon wg and one optical phonon at w,. The Anti-
Stokes Raman scattering (Fig. 5.11(b)) originates from the interaction between a wave at wry,
with an excited molecule (on state |b)) : the simultaneous annihilations of one photon wry,
and one optical phonon at w,, lead to the generation of one Anti-Stokes photon wag. If we
consider the population distribution of molecules respectively on states |a) and |b), which can be
described through a Boltzmann distribution shown in Fig. 5.11, one can easily understand why
the Anti-Stokes Raman peaks are weaker than the Stokes Raman peaks. Since hw, > kT, the
Anti-Stokes Raman transition rate is smaller as the density population on the excited state |b)
is lower than that on state |a).

5.5.2 Stimulated Raman Scattering

Hereafter we consider the interaction of an intense pump beam at wy, with a weaker signal beam
at wg through a molecular material (gas, liquid) or a solid (amorphous or crystal) characterized
by at least one vibrational mode at w,. We will show that a resonant interaction for which
ws = W, — Wy leads to a transfer of energy from the pump to the signal beam as illustrated in
Fig. 5.12.

A classical description of a vibrating mode consists in deriving an equation of motion for a
harmonic oscillator characterized by a resonance frequency w,, equal to that of the vibrational
mode of the molecular material to be considered, and a damping constant . From the relation
(5.33), the modification of the distance ¢(t) between two-bounded atoms of the molecule follows
the equation:

d*q

dq
wn + 275 —i—wzq =

F(t)

- (5.35)

with F'(t) the force that drives the molecular vibration and m the reduced nuclear mass. Sim-
ilarly to the spontaneous Raman scattering effect, the interaction of an external field £(¢) will
polarized each molecule for which the induced dipole is p(t) = a&(t). By expressing the energy
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Fig. 5.12. Stimulated Raman Scattering configuration
that involves the interaction between two waves at wr,

and wg through a material characterized by a Raman f{ 1 ;’ I » 1

transition at w,. A resonant interaction for which wg =

wr — wy leads to an amplification of the Stokes wave at ‘
the expense of the pump wave at wr,. f 1 ’ 1
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required to drive the induced dipole as
[
W = 5@(5 (z,1)),

where (...) stands for an average in time, one can derive a relation for the force applied onto
the dipole:
dw  1d
F(t)=" =222
dq 2 dq
In the case of stimulated Raman scattering depicted in Fig. 5.12, the applied field comprised
two frequencies at wy, and wg and

E(z,t) = Apelbrz—wrt) o ggeilksz—wst) 4 o,

As the driven force applied on the dipole is proportional to (£2(z,t)), a beating term at wy, —wsg
appears on the right hand side term of the equation of motion (5.35) and may match with the
frequency vibration of the molecule at w,. For a resonant interaction, i.e. for w; — wg = wy,
the molecular vibration is expected to be strengthened inducing a dipole moment related to
each molecule. The collective and coherent excitation of the vibrating molecules generate a
macroscopic polarization term that may modify the optical wave properties as it will be shown
below.

Following the substitution of the expression for the applied electric field, the equation of

motion yields
d’q  dg
2y +wig =
ae g Tt
with K = k; — kg and Q = wp — wg, and were we have only retained the beating terms at
frequencies Q closed to the resonance frequency w, . The driven solution takes the following

form:

2 lZﬁ[ALAgeZ(KZ—Qt) + 00]7
q

q(t) = q(Q)e = + oo
where the amplitude ¢(Q2) is equal to:

do *
o (dT;) Ap Ay
wZ — 02— 20"

q(Q) =

By assuming that the all the molecules are aligned along the polarization direction of the applied
field, the macroscopic polarization generated inside the molecular material is given by:

P(z,t) = Na(z,t)€(z,t) = Nag + <Cj;;) q(z,t)]E(z, 1),

9The right hand side terms vibrating at 2wr., 2ws and 0 do not efficiently contribute to the molecular vibration
as these frequencies are largely detuned from the resonance frequency w,.
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Fig. 5.13. Real part and imaginary part of the Raman

susceptibility at ws as a function of the difference fre-

quency 2 = wp —wg. The imaginary part of the suscepti-

bility exhibits a Lorentzian shape nearby the vibrational
Q=uwp —ws resonance () = Qr. At resonance, the Raman susceptibil-
ity at ws is purely negative imaginary. (Picture courtesy
of Felix Kroeger)
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which can be expressed as the sum of the linear contribution Nao€(z,t) plus a perturbative
polarization term:

do . . .
Pyp(z,t) =N (d) [q(Q)e =) L 0O [ApeiFrz—wrt 4 Ageilksz—wst L ().
q
The latter contribution contains vibrating terms at w; and wg and, conversely to the linear
contribution, their expressions exhibit a nonlinear dependence with the field amplitudes charac-
teristic of a 3rd order nonlinear interaction. Actually, the complexe amplitude of the perturbative

term at wg is provided by:

da

Pynp(ws) =N (dq

) q*(Q)ALeiksz’

as ) = wy, —wg, and it can be re-written in the following closed form:

PNL(WS) = 350XE§)(WS§WL, _wL,wS)|AL|2AS€ikSz’

where Xg) (ws;wr, —wr,ws) stands for the Raman susceptibility at wg that is equal to:

2 (%)

wg) = : )
Xg (Ws) w2 — (wp, —ws)? + 2i(wr, — wg)y

The evolution of the real and imaginary parts of the Raman susceptibility at wg with the
difference frequency €2 = wp —wg is plotted in Fig. 5.13. As expected above, the Raman suscep-
tibility exhibits a resonance nearby € equal to the vibrational frequency w, (denoted 2 on the
plot), with a purely imaginary contribution exactly at resonance that will consequently explain
the transfer of energy between the pump to the signal throughout the vibrational molecules.
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Appendix

Model for light-metals interaction

In the following, it is assumed that the electrical and optical properties of a metal can be
represented in a similar manner by those of a free electron gas with a density N. The density of
negative charges is compensated by a positive charge density, which is assumed to be fixed. In
the case of a plasma-gas, the motion of the positive charges, which are heavier, should also be
taken into account. The free electron gas is assumed diluted enough such as the charges interact
with the electromagnetic field separately and independently of each others.

We consider the following electromagnetic wave propagating along the direction z:

E = FEycos(wt—kz2)x

B = Bjycos(wt — kz2)y, (A-1)

Assuming the case of a dilute gas, the relation between the magnetic and electric field amplitude
is By = FEp/c, with ¢ the speed of light in vacuum (dilute gas). In order to determine an
expression for the induced polarization P = Np, with p = —er the induced dipole, one can
solve the equation of motion for an electron, with a mass m, which is subject to the Lorentz
force:

d’r

Mmooy = —e(€ +v x B), (A.2)

where v = % defines the electron velocity. The previous equation neglects the friction forces.
Substituting the field expressions (A.1), the equation of motion becomes:

d2z e dz
moy = —eFEqycos(wt — kz) + EEO cos(wt — kz)a
d2y
mog = 0 (A.3)
d2z e dx
\ m@ = —EE[) COS(OJt — kZ)E

Taking into account that the magnetic part of the Lorentz force can be neglected with respect
to the electrical contribution, the equation of motion (A.3) is solved by means of a perturbative
method, the seeked solution being expressed as:

r(t) =rO@) +rW@) +rP@) + -,

with 7(%) the initial position of the electron, without any applied field, and (!, (2 the first
and second order perturbative solutions resulting from the application of an external field. The



72 A MODEL FOR LIGHT-METALS INTERACTION

first order solution is obtained by neglecting the magnetic contribution of the Lorentz force:
qﬂnn=;§§am%@¢—k@m+0y+0z (A.4)

The first order solution exhibits a linear relation between the motion of the electron and
the electric field strength, along the direction of the electric field polarization state @. The first
order solution is then substituted in the right hand side of (A.3), enabling the derivation of the
second order solution:
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3 (t) = 0z + 0y — WES sin(2(wt — kz))z. (A.5)
This procedure can be reiterated to calculate the third order solution for the position of the
electron.

Following the motion of the charges, a current density 5 = —N e% and a polarization
P = —Ner are generated within the free electron gas. The expression for the polarization will
take the following form:

P=POt)+POt)+PO#) + ...

The first order polarization term ’P(l)(t) is proportional to the strength of the applied field and
corresponds to the linear polarization. Whereas, the second order polarization PR (t), related
to (A.5), vibrates at the frequency 2w with a direction of polarization aligned along z. This
direction being orthogonal to the polarization states of £ and B, the second order polarization
can not radiate in the medium, except in the vicinity of an interface or defects.

Finally, the expression of the third order polarization P®)(t) is:

Net
8m3c2w

1
PO () = E3 |cos(wt — kz) + g cos 3(wt — kz)| .
It shows that the medium can radiate a source term at the frequencies 3w, and w. The latter,
whose amplitude depends on the square of the field is responsible for a nonlinear self-action of
light in the medium.

In conclusion, we have shown that the origin of nonlinearities in metals and plasma-
gas comes from the magnetic contribution of the Lorentz force. The ratio between the
strength of the first, second and third order polarizations is given by eEy/mcw.

Note that this model does not account for interactions between the charges that could be
described introducing additional terms in the equation of motion. It does not either account for
variations of the charge density in the electron gas.
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