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Abstract

The aim of this work is to propose an efficient numerical approximation of high
frequency pulses propagating in nonlinear dispersive optical media. We consider
the nonlinear Maxwell’s equations with instantaneous nonlinearity. We first derive
a physically and asymptotically equivalent model that is semi-linear. Then, for a
large class of semi-linear systems, we describe the solution in terms of profiles. These
profiles are solution of a singular equation involving one more variable describing
the phase of the solution. We introduce a discretization of this equation using finite
differences in space and time and an appropriate Fourier basis (with few elements)
for the phase. The main point is that accurate solution of the nonlinear Maxwell
equation can be computed with a mesh size of order of the wave length. This
approximation is asymptotic-preserving in the sense that a multi-scale expansion
can be performed on the discrete solution and the result of this expansion is a
discretization of the continuous limit. In order to improve the computational delay,
computations are performed in a window moving at the group velocity of the pulse.
The second harmonic generation is used as an example to illustrate the proposed
methodology. However, the numerical method proposed for this benchmark study
can be applied to many other cases of nonlinear optics with high frequency pulses.

keywords: Interactions laser-matter, localized pulses, Maxwell’s equations,
nonlinear optics, WKB.

1 Introduction

The recent development of the laser pulsed with intense energy increases the need of
modelization and simulation [6, 18, 14, 20, 24, 26]. At high intensities, new regimes



of laser-matter interaction are explored in a variety of fields of application: selective
ionization of multilevel atomic systems [9], spontaneous and simulated Raman and
Brillouin scattering [23], plasma, CFI, ... Numerical simulation are much cheaper to
use than real experiments. However a wide set of regimes have to be considered: the
wavelength associated to a pulse is usually near the micrometer (10~%m) while the
length of the pulse can be of order of 100 micrometers for ultrashort pulses (10 ~*m)
or of the order of the meter. We are concerned with propagation on distances of
order of the millimeter (for crystals) or of hundred of meters (for propagation in gas).
From the temporal point of view, the pulsation of a pulse is 109571, its duration
can be of the order of the picoseconds (107125s) or of 10 nanoseconds (10~%s). The
duration of propagation can be 10~!s for crystals or 107%s for gas. The width of
the beam can be of order of a fraction of millimeter to a few centimeters. Therefore,
one has to handle 3D processes involving several orders of magnitude. No general
method is available for all this class of problems. A first class of methods is to use the
so-called par-axial approximation or envelope approximation. This approximation
relies on the fact that the electric field can be thought under the form

k2wt et . 2) with O,€ << wE, 0,€ << kE, 0.€ << kE.

Using these inequalities, one obtains approximate equations satisfied by €. These
equations can be nonlinear transport equations at the group velocity (for frequency
doubling in the phase-matching case in a crystal) or nonlinear Schrédinger equations
(in a Kerr medium) or Schrédinger-Bloch equations (in a gas) ... We refer to general
textbook of physics ([6], [20] for instance) for a precise physical description.

When one wants to address cases where the validity of the par-axial approxi-
mation is not so clear, another strategy can be used. Physically, it can occur when
the pulse goes through a diffraction web or when the pulse is ”chirped” in order
to have a large spectral width. The first possibility is to use standard FDTD ap-
proach on nonlinear Maxwell type systems. However, the cost in terms of time
of computation is very high and one could have some problem in order to ensure
numerical phase-matching. We want to propose here an alternative intermediate
method that is more precise than the usual Schrodinger-like equation but less ex-
pansive to compute numerically than the full Maxwell’s equations. We present this
method in this paper and we apply it to the second harmonic generation of a fem-
tosecond high intensity laser pulse centered around a given carrier frequency w in a
noncentrosymmetric KDP (Potassium Di hydrogen Phosphate) crystal with a large
second-order susceptibility.

The method that we present in this paper relies on ideas of Joly, Métivier and
Rauch of the last decade. The electromagnetic field corresponding to a laser pulse
can be written under the form

k- X—wt

u(t,x)=<ei : A(t,X)+c.c.), (1.1)




where c.c. denotes the conjugate complex, k is the wave vector, w the frequency,
X € R" is the space variable and ¢t is the time. The vector A belongs to R? for some
integer p and contains the electric field, the magnetic field and possibly auxilliary
fields useful to describe the interaction of the light with the medium. See below for
example. In a dispersive medium, the relationship between w and k is non linear
and is called the dispersion relation. Of course, in nonlinear media, other harmonics
are created and the solution can be more complicated. The electromagnetic field is
a solution to a semi linear Maxwell system describing the evolution of laser pulses
in nonlinear medium which enters the following family of systems:

(@+A@@+%§u:ﬂm, (1.2)

where u : [0,7] x R" — RP

AOx) =) Ajdu;, [:RP —RP.

J=1

Matrices A; are symmetric, Lg is skew-symmetric, f is a smooth mapping and € > 0
is a small parameter which is related to the order of magnitude of the wavelength.
System (1.2) is endowed with an initial data u(0,z) = ei%A(O, X) +c.c.

One has therefore to compute solutions to (1.2). Since the solution has an oscillatory

1
behavior, the number of discretization points in x has to be large with respect to —
€

1
and the number of time steps has also to be large with respect to —. Direct compu-

€
tations of solutions to (1.2) are therefore very hard and lead to large computational
times. In order to overcome this difficulty, one can use the par-axial approximation
which consists essentially in using (1.1) and writing

A(t, X) m Ag(et, X — ' (k)t),

and proving that Ay (7,y) satisfies a nonlinear Schrédinger equation (see [11]). When
this approximation is suspected not to be valid, one has really to use (1.2). The
method we propose here uses the structure of a laser pulse. We consider that the
solution u®(¢, X) of (1.2) is given by a profile U¢(t, X, 6) as follows:
k- X —wt
Wt X) = Ut X, ———)
€

where 6 — U(t, X, 0) is periodic. We therefore consider that U¢ is given by all its
harmonics in the rapid variable. One thus expects that the variations of

(t, X,0) — U(t, X, 0)



are moderate so that the number of discretization points has not to be large with
1
respect to —. Of course one has to add a space dimension at the initial problem

(the phase ffariable). But usually, only a few harmonics are necessary in order to
characterize the solution (less than 5 in any practical case). The discretization in
the 6 variable will therefore be cheap in terms of computational cost. The equation
satisfied by € is the following singular equation:

(at - gag + éA(e&X + k) + L0)> U = fU°). (1.3)

Solving (1.3), we compute an exact solution of the complete nonlinear system and
not a function given by an envelope approximation. Moreover, we show that the
discretized version of (1.3) also admits an asymptotic expansion and we prove that
this expansion is a discretized version of the envelope equation.

This paper is organized as follows:
In Section 2, we introduce the Maxwell-Lorentz system describing the propagation
of a laser beam in a nonlinear medium with quadratic nonlinearity: even if it seems
to be rude, we give all the values of the coefficients in a physical realistic situation.
We describe the phase-matching condition. This model is quasilinear. We derive a
physically equivalent model which is semi-linear and is of the form (1.2).
In Section 3, we recall some basic facts on WKB expansion. We next introduce
our semi-discretization in time on the full semi-linear Maxwell’s system using the
singular equation (1.3). We prove an error estimate and we show that this numerical
method can be seen as a numerical multi-scale method that is asymptotic-preserving
in the sense that the discretization of the limit is the limit of the discretization.
In Section 4, we present the total discretization, the moving window technique and
some numerical results.

2 Nonlinear Maxwell-Lorentz equations for a
noncentrosymmetric crystal

The aim of this section is to write a system of nonlinear equations of Maxwell-
Lorentz type describing the evolution of a laser beam in a nonlinear, noncentrosym-
metric crystal. Such a crystal is characterized by different indexes corresponding to
the directions of the axis of the crystal. We have therefore to include in the model
the position of the crystal with respect to the beam. This will be done by giving
the rotation matrix that allows to transform the laboratory coordinates into the
crystallographic ones.



2.1 Setting of the equations

Let 6 and ¢ be the two angles describing the geometrical position of the crystal
with respect to the propagation direction of the laser. We consider the physical
coordinates denoted by X = (x,y,z) and the crystallographic coordinates & =
(&,m,C) defined by = = PX, where P is a rotation matrix defined by the angles
and (:
cos(p) cos(f) —sin(f) sin(yp) cos(h)
P = cos(¢)sin(f) cos(f) sin(y)sin(f)
—sin(yp) 0 cos(p)

The electric field £(t, X), magnetic field H(¢, X) and electric flux density D(¢, X)
are functions of the coordinate X but their components are formulated in the crys-
tallographic coordinates. For example, if E(t, X) is the electric field in the physical
coordinates we have:

E(t, X) =PE(t, X) = (E(t, X), &(t,X), @t X)T.

This transformation is introduced in order to simplify the formulation of the non-
linear polarization.

Maxwell’s equations, describing the wave propagation in a nonlinear medium
with no free charge are then expressed by:

1
O+ — (MeBo€ + MyD,E + M.0.E) =0,
Ho (2.4)

9,D (Mo0H + MyOyH + M.0.H) =0,

1

€0
where pg is the free space permeability and eg the free space permeability. The
constitutive relation is:

D=PW (&) +PP (&),

where P and P@ are the linear and the quadratic polarizations in the crystallo-
graphic coordinates. We now explain how to compute these terms. As usual, (see [6]
for example), P1) and P are given by P = x((&) and PG = xB)(£, £) where
¥ and ¥ are respectively second and third order tensors eventually depending
of the frequency, see below for a precise meaning of this dependence.

e For P@), we take a third order tensor x(® with constant coefficients. For the
crystal of the 42m point group, considered in these investigations, the quadratic
polarization thus obtained is :

dos &, &

PAE) = | du & & |, (2.5)
d3s & &,



2 2 2 2 2 2
where doy = 2)(2% = 2)(24)77 = QX;E)C = 2xf7<)§ , d3g = 2)(25)77 = QXC(n%. The numbers

do4 and dsg are taken to be equal here and are given by
doy = dzg = 4(4.35 x 107 13)m/ V.

e For the linear part P, the situation is more complicated. The linear dispersion
is characterized by the two Lorentz resonances (indexed by a and b). The linear po-
larization is defined via a Fourier transform in time: F(PW)(w) = xV(w)F(E(w)),
where F denotes the Fourier transform with respect to the time variables. The
function x™(w) is given by

XV @) = XY + 0axP (@) + anxiP ().

The tensors X&), a, and ay are second order diagonal tensors with constant coef-
ficients satisfying the relation a, + o = Id. The tensors X(l)(w) and Xl()l)(w) are

a
given by

(1) (1) (1) (1)
Xs = — Xoo Xs ' — Xoo
W = =—5", W) = | =],
-z 1-2

where w, and wy, are the diagonal tensors of angular velocities associated with the

Lorentz resonance frequencies. Moreover Xgl) is a diagonal tensor with constant

coefficients. Using an inverse Fourier transform, the linear polarization writes as:
PW = Ve + 0y F 4+ G, (2.6)

where the residual linear dispersions F and G satisfy the following second order
differential equations:

RF+wr F=ow? - TE, and 0G+w G=aywi TE, (2.7)

with 7€ = (XS) - X&)) €.
The Maxwell-Lorentz system is now completely defined. For one dimension
applications, the model can be written in the form:

( OvH + MOo.E = 0,
Xg))atg — CQMazH + wld +wpV = _atP(Q) (5)7
OF — wd = 0
al i 2.8
@g - wa = 07 ( )
o +  woF —  aqw T E = 0,
oY + wpG — oy T E = 0




The matrix M is given by

0 —cos(y) sin(yp) sin(0)
M= cos(p) 0 —sin(p) cos(6)
—sin(p) sin(f) sin(p) cos(6) 0

For the KDP crystal that we consider in this paper, the numerical values are

1.4797154 0 0
YV=1 o 1.4797154 01,
0 0 1.4293487
15.264496 0 0
Y=1 o0 15.264496 01,
0 0 5.3606604
0.0565523 0 0
a, =1 0 0.0565523 0],
0 0 0.1789019
0.9434477 0 0
a=1| 0 0.9434477 0],
0 0 0.8210981

and finally the resonance’s frequencies are

1.6568042 x 1016 0 0
we= 1| 0 1.6568042 x 1016 0 |,

0 0 1.7008821 x 1016

0.9423375 x 1014 0 0
wy=1| 0 0.9423375 x 1014 0

0 0 0.9423375 x 1014

2.2 Phase matching

In this section, we restrict our investigations to the linear regime. We consider plane

wave of the form A
E(z,t) = Eelbr—wb),

The vector amplitude & of the electrical field satisfies the following linear system:
<w2X<1>(w) + k2M2> & =0. (2.9)

Since it is assumed that the wave is propagating in the direction (Oz), as div(D) = 0,
we obtain: Ey, = (P71&). = 0, i.e. sinp(cos 0&0,¢ +sinbEy ;) + cos 0y = 0. The

7



two possible polarizations of the plane wave are: Ey, = 0 and Ey, = 0:
o If Fy, = (P71&), = 0, then cos 00,1 + sin &y, = 0, consequently & = 0 and
the dispersion relation is

w? 1

K o2
o
o If By, = (P71&), = 0, then &, = tan 0&o¢. This gives the following dispersion

relation:
2 2 9
w cos“p  sin®p

2 2 2
k nz nz

where n, and n. are the two linear indexes of the medium given by

n2 0 0
xPwy=10 n2 0
0 0 n?

We now consider an incident plane wave for which the polarization is defined by
the relations : cos0& ¢ + sin0&,, = 0 and &, = 0. Associated to this wave
polarization, the dispersion relation is k2 = w]%ng(ch) where the index f is used
for the fundamental wave. The second harmonic wave generated by the quadratic
nonlinear polarization is defined by the relation (P~'P?)(&y)), = 0, which is the
second class of polarization. The dispersion relation associated with the second
harmonic is then given by k7 = w?n?(wy), where
1 cos? sin? ¢

n(wp)  n2(wn)  ni(wn)’

The index h is used for the second harmonic. The linear phase matching between
the fundamental and its second harmonic, is obtained when the angle ¢ is equal to

o given by

1 1
pevropwe alies Topen
o = arcsin M , (2.10)

nZ(wn)  n3(wn)
with wy, = 2wy.

In summary, the angle ¢q corresponds to the case where both (kf,wys) and
(2k¢,2wy) satisfy the dispersion relation of the system. When one adds the nonlin-
earity, one expects the following scenario:
the laser enters the medium with wave number k; and frequency wy. Quadratic
effects create the second harmonic (2k¢,2wy). If ¢ # ¢, then this harmonic is not
resonant and it stays small. If ¢ = g (phase-matching case), then (2kf,2wy) is
resonant (it satisfies the dispersion relation) and the second harmonic will grow and
reach the same size as the fundamental ones. If ¢ &~ ¢g, one expects an intermediate
behavior. This scenario is in fact realistic from the physical point of view and our
numerical method describes it very well (see the last section).

8



2.3 Asymptotic equivalent model

In practice, the computation of 8;x( is not natural and can be a source of numerical
instabilities. We will propose in this section a modified model that is asymptotically
equivalent to the original Maxwell-Lorentz model. In the final model the nonlinear
polarization is obtained by solving ordinary differential equations. We first introduce
a dimensionless form of system (2.8). Letting t = T} ff, 2 = ZrepZ With zpef = Trey,
FE= ErefE, x? = Xfi)fx@ and introducing w; = wyyw; for i = a,b and omitting
the tildes leads to the following system:

(o + MO.E = 0,
Woe — MoH + LU+2y = 9P (E,8),
O F - =U =0

’ 2.11
0:G - =y = 0, ( )
oU + =F - 0 2TE = 0,
8tV + %g — Oéb%Tg = O,
where ¢ = Tmflwmf and v = E, fxfi)f. For the applications of this paper, we have:

Trep ~ 10785, wrep ~ 100571 P~ 1072 and  Eyep ~ 10°

in S.I. units.

Therefore € ~ 1072 and v ~ 1073 ~ e. To make the presentation more clear, we

define in the sequel ¥ = 2 ~ 1. We introduce now profile variable as follows: we

search H, €, F, G, U, V under the form
(H,E,F,G,UV)(t,z) = (H,E,F,G,U,V)(t,2,0) y_kz—wt

and we look at the equations satisfied by (H, E,F,G,U,V):

(%H + M@E + é (—wagH + MkagE) = 0,

X@@EfM@H+§<%U+wwﬂwWQ%E—AM%H>:—a«@—§%>ﬂmEjm
HF + 1 (—wopF —w,U) =0,

G + L (—wdG — wyV) =0,

WU + 1 (—wdpU + woF — aqw, TE) =0,

oV + % (—wagv + wpG — abwaE) = 0.
(2.12)



If X denotes a generic name for the variables (H, E, F,G,U, V), letting

X(t,z,0) = Z em X (t,x,0)

m>0

1
and collecting terms of equal power of € in (2.12) leads for the coefficient of —:
€

—0g(wHy — kME)) =0,
—wx&)(%Eo — MEkOyHy + w Uy + wp Vo = 0,
—woyFy — wUy =0,
—wdyGo — wpVp = 0,
—wOpUp + weFo — aqw T Eg =0,
—wOVy + wpGo — apwp? Eg = 0.
One obtains:

0,
<—w2<9§x(1)(%) + k263M2> Ey = 0.

As explained in the introduction, the profile are supposed to be periodic with respect
to the variable 6, and denoting Fy = Z Eope’po, one gets
P

<—w2p2x(1)(pw) i k2p2M2> Eop = 0. (2.13)

For p = 1, since det <—w2X(1)(w) + k2M2> = 0, one can find a non trivial Fy;.
For p = 2, in the case of phase matching, one obtains a nontrivial Ego. Otherwise,
Eyp2 = 0. Anyway, Ep, =0 for [p| > 3.

Term of size €° in (2.12) are

O¢Hy + MO, FEy + (—wdgHy + MkOyE7) = 0,

Vo, Ey — MO, Hy + (waUl Vi — wxWayE — /\/lkang) = (at - gag) Y (Eo, Eo),
O Fy + (—wopFy —waUp) =0,

0Go + (—wihG1 —wpVp) =0,

0 Uy + (—wdpU; + wo Fy — aqw,TEy) =0,

HVo + L (—wdgVi + wpG1 — cpwy TE7) = 0.

10



Therefore, the first contribution of the nonlinearity in the equation satisfied by Ej
is the term
wysx ) (Eo, Eo)- (2.14)

Now, we introduce the following semi-linear model as a substitute of (2.11):

OH + MI.E 0,

WaE — MoH + “l+2y = o

OF - e =0 (2.15)
oG — @y - 0,

o + “’6—“]:' — aa%Tg = wanaX(Q)(g,g),

[ OV + g - p2TE = wryJpxP(€,€),

where J, and J, are diagonal second order tensors with constant coefficients that
we will determined below in order to obtain the same effective nonlinearity as in
(2.14). The corresponding set of equations associated to the profiles is:

OH + MO.E + é (—wagﬁ + Mk(?gE) —0,

_ -1 - - _ .
NWOE — MOLH + — <waU ¥V — wxWopE — Mk89H> —0,

BtU + % —w@eU +waF — OéawaTE) = Wa'YJaX(Q)(EvE)’
oV + % <—w89‘7 +wpG — OzbwaE> = WbVJbX(Q)(E, E)

1
At order O(—), the equations satisfied by the tilde variables are the same as the
£

ones derived from the original system. We are interested now by the first nonlinear
contribution in the equation satisfied by Fy. Let us write these equations at order

O(1):

OuHo + MO By + (—wdy Hy + MKy By ) =0, (2.16)

Vo, By — M, Hy + (%U*l Wi —wxWaE — Mk89ﬁ1> —0, (2.17)
B Fp + (-mﬁa - waﬁl) —0, (2.18)

8, Go + <—wagél - wafl) —0, (2.19)

11



00 + (—w0pT + waF — aqweT By ) = wnJux®(E, B), (2.20)

Vo + é (—waefﬁ +wpGr — abwaEl) = wyyJyx P (B, E). (2.21)
Applying —wdy on (2.20) and using (2.18) gives
(w20 + w2) U1 — wa0 Fy + ctqwawT 0p By — wds0pUp = —wwayJaOpx® (Eo, Eq).
The same holds for \71:
(w203 + wg) Vi — wpd:Go + apwpwT O FEy — wdpOyVy = —wwb’bing(Q)(Eo, E’O).

Plugging these values of U; and V; in (2.17) gives the following nonlinear contribu-
tion in the right-hand side

{wwsza (w2892 + wg)il + wwg%]b (w263 + wg)il] 89X(2)(E0, EO).

In order to have equivalent models in this asymptotic limit, we impose that this
quantity is equal to (2.14), that is

W2 (207 +w2) Ty +wf (WO W) =1 (2.22)

There are several way to satisfy this relationship approximatively. From the prac-
tical point of view, they are all equivalent. The first solution is to allow differential
operators for J, and J, and to solve this relationship exactly. For example, one can

take
2

w
Ja:O[(l—Fw—g

2
w
93) and J, = (1 — a)(1 + ?83)
b
Note that, with this definition of J, and Jp, the system is not semi-linear anymore!
The second solutions relies on the fact that, only at most two harmonics play a
significant role: €? and eventually €2 in the case of phase matching. Therefore,
we can impose (2.22) only on the functions e and e??. In this case, one gets
(wi — w?)(wg — dw?)

wi (Wi — wp)

Jo =

(2.23)

and
(wp = w?)(wp — 4w?)

2

Jp =
wy (Wg —w?)

(2.24)

In the sequel, this solution will be adopted. Finally, the equivalent system that we
consider is (omitting the tildes)

( OH + MOLE = 0,
YWoE — AEMOH + wld +wyV = O,
8tf — wau = 0,
&gg — wa = 0,
o U + weF — 0w TE = weyJuaXP(E,E),
&Y+ wg — o TE = wy X P(E,E),

12



with J, and Jj, respectively given by (2.23) and (2.24). Its dimensionless form is
given in (2.15).

In other to put the system (2.15) in a canonical form, let us consider the following
change of variables:

n=mn, &=\\VYe u = (\/al—Tfu,

V= <\/oz2—T>_1V, Ft= <\/oz1—T)_1f, G = (\/612—7>_1g.
Then let us define a variable u by:
w=(H* & F*,G*u*, v’
The non-dimensional Maxwell’s system take the form:

Ou + Ad,u + %Lou = f(u), (2.25)

where A is a symmetric real matrix, Lo is skew symmetric matrix and f(u) is a
quadratic function. The form (2.25) is generic and we now propose a systematic
numerical strategy for systems of this form.

3 Presentation of the method and semi-discretization
in time.

3.1 The singular equation.

The aim of this section is to recall some tools of geometrical optics developed during
the last decade by J.-L. Joly, G. Métivier and J. Rauch (see [15, 16] for example).
Let us consider the following system of PDE’s:

- 1
O+ Ajdy, + Lo | u = f(u), (3.26)
j=1

where u® : [0,7] x R"™ — RP. The matrices A; are symmetric real, Ly is skew
symmetric. f is a smooth nonlinear function defined on R? and € > 0 is a small real
parameter. The main goal of geometrical optics is to construct oscillatory solutions
to (3.26), when € — 0, under the form:

ck-x—wt

ut(t,x) =& (eZ

a(t,x) + c.c.) + o(e%), (3.27)

13



where £ € R” is the wave vector, w the pulsation and o € RT. The following
ingredients and notations will be useful for the analysis. For £ = (£1,---,&,) € R™,
we denote by

A =) Ajg;
j=1

The matrix iA(§) + Lo is skew-adjoint and we denote by iA;(§) € iR its eigenvalues
and by II;(£) the orthogonal projector on the kernel of iA(§) + Lo — iA(§). The

L
characteristic variety of the operator 9; + A(9,) + 29 is the set defined by
€

{(&;\(€))/ €eR? 1=1tok}.

It is an algebraic variety.
Finally, denote by @Q;(§) the partial inverse of —i\;(§) + iA(£) + Lo such that

(=iNi(§) +iA(E) + Lo) Qu(§) = 1 — (&) = Qu(§) (—iAi(§) +iA(E) + Lo) -

Now plugging (3.27) in (3.26), the terms of size ¢! give:
(—iw +iA(k) + Lo)a = 0. (3.28)

Equation (3.28) has a non-zero solution if and only if there exists [y such that
w = A, (k). From now one, we take k € R" and w = A, (k) such that

the multiplicity of the eigenvalue \;, (k) is constant in a neighborhood of k.
(3.29)
This implies that § — II;,(€), £ — A, (€) and € — @y, (§) are smooth functions in
the neighborhood of £ = k.
The time interval on which we describe the evolution of the solution can be of

length O(1) or O(g) Time scales of size O(1) are the geometrical optics time scales
and time of size O(—) are the diffractive time scales since on such time interval,
diffraction’s effects play a fundamental role. In both cases, the parameter o which
determines the size of the solution in (3.27) has to be chosen such that the nonlinear
effects occur at the correct time. It depends on the nonlinearity of the system (i.e.
on function f). If f(u) ~ uP (p > 0) as u — 0, then a solution of (3.26) of size £* as
a lifetime of size (at least) £*P=1) Therefore, for geometrical optics time scale, one

has a = 0 and for diffractive time scale o = 7 One of the main tools introduced

by Joly, Métivier and Rauch is the systematic use of the singular equation. We now
precise this method. One wants to find solution u®(¢, x) of (3.26) under the form:

k-z—wt
W (t, ) :ua(%,t,m) (3.30)

14



where the function U¢(0,t,z) is periodic in the § variable. Of course, the function
U* is not well defined. In order to have a precise definition of it, the idea is to write
the following equation for U*:

1
DU + AD U + ~ LU = JWU°) (3.31)
where
[,(89) = —wdy + A(k)ag + L.
. . L k-x—wt .
This equation is a priori satisfied for all £,z and only for § = —————. The main

€
point is then to impose that (3.31) is satisfied by U¢ for all ¢,z but also for any 6.
It is clear that:

Proposition 3.1. IfU° is solution to (3.31) for (0,t,z) € [0,27] x [0, T] x R™ then
u® defined by (3.30) is solution to (3.26) for (t,z) € [0,T] x R™.

Therefore, we will focus on the analysis and the approximation of (3.31). Thanks
to proposition 3.1, all these results will be translated in terms of u®.

3.2 Nonlinear geometrical optics.

One use the WKB techniques in order to construct the desired approximate solution.
If one plugs in the system the plane wave e? then higher harmonics e?? for p € Z
will be created by nonlinear effects. Some of these harmonics will be resonant in
the sense that (pk,pw) can be in the characteristic variety. We denote by R the
resonant set defined by

R = {p € Z such that (pk,pw) is in the characteristic Variety} )

As in [11], we assume that R is a finite set.

As soon as a physical system has a nonlinear dispersion relation, this assumption
is satisfied, see [19] for explicit computations. Note that {1,—1} € R. When
0 € R, the physical phenomena that appears is the rectification effect and when
{2,-2} € R, the corresponding physical phenomena is the phase matching. We
seek for an approximate solution of the form:

UL (O, t,x) =Up(0,t,z) + el (0,t, ).

For the simplicity of the analysis, we assume from now one that f is a quadratic
mapping denoted by

fu) = fu,u),

15



where f is bilinear symmetric.

1
At order O <—> , one gets: L(9p)Uy = 0. Expanding Uy in Fourier series yields
€

Up = Uppe™

PEZL
and
L(ip)Uy,p = 0. (3.32)
For p ¢ R equation (3.32) gives
Upp =10 (3.33)
while when p € R
Uop = T1(pk)Uo p. (3.34)

At order O(1) one obtains:

L(0p)Uy + (0r + A(0)) Uy = f(Uo,Up).
Expanding in Fourier series yields:

LipUhp+ (0r + AD:)Uop = Y fUop, Uops)- (3.35)
p1+p2=p

For p ¢ R, since L(ip) is one-to-one, (3.35) gives

Uy, = L(ip) Z FUopy,Uops), (3.36)

P1+p2=p

since Uy, = 0 for p ¢ R.
For p € R, the matrix L(ip) is not one-to-one, therefore, a necessary and sufficient
condition for (3.35) to have a solution is that

—(815 + A(a:v))uo,p + Z f(uo,puuo,pz)

p1+p2=p

is in the range of L(ip). This condition can be written as:

(9 + L(pk) A(9,)TL(pk))Uo = > Tk fUop,Uop,).  (3.37)

pL+Dp2=p
pleR’ P2€R

One still have to characterize the operator II(pk)A(0, )II(pk).

Lemma 3.1. If (pk,pw) is a reqular point of the characteristic variety then I1(pk)A(9,)II(pk) =

N (pk) - 0.11(pk) where & — X(&) is the branch of the characteristic variety for which
Alpk) = pw

16



However for p =0, (0,0) is never (in physical application) a regular point. One
needs the following result due to Lannes [19].

Lemma 3.2. If (0,0) is an isolated singular point of the characteristic variety of
L
L:= 0+ A(0z) + = then the characteristic variety of I1(0)0; + I1(0) A(0,)IL(0) is
€
).

the tangent cone of the characteristic variety of L at (0,0

This means that in this case, the operator I1(0)A(d;)II(0) is not scalar anymore.
One can think for example to a Maxwell-type system or to a system corresponding
to the wave equation.

Therefore, the set of equation (3.37) reduces to a finite set of transport equations
(for p # 0) and eventually a Maxwell-type system.
Two particular cases are important for applications:

when R = {—1,+1}: there are no rectification effects, no phase matching. The
evolution equation is linear:

(0 + Ny, (k) - 03) Uy, = 0.

when R = {—1,+1, —2,42}: there is no rectification effects, but the phase match-
ing exists. On obtain a set of coupled transport equations:

(81& ‘|‘ )\;0 (k‘) . 81) Z/I()J == 2H(k)f(2/{072,2;{071),
(0 + N(2k) - 05) Up2 = T1(2k) f (Uo,1,Uo 1)

In any case, one can solve equation (3.37) on a time interval [0, 7] for sufficiently
regular initial data.

Proposition 3.2. Let ap, € HI(R"™) for s > n/2 be given functions and p € R.
There exists T' > 0 and an unique solution Uy p(t,z) € C([0,T]; HS(R™)) to (3.37)
such that Uy p(0,z) = ap(x).

Once Up p has been determined, then U, is given by (3.36) for p ¢ R and

(1 = I(pk))Urp = Q(pk) | — (9 + A(02)) Uop — Z fUop,, Uops)
p1+p2 =D,
P1ER, peR

(3.38)
It follows that

UL = Upe™ +e Uy e
PER pER
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satisfies

(at +A(D,) + éc(@@) US — FUSUD) = O(e) on [0,T].

For higher order terms, one can (as usual) build a whole expansion at any order of
€ writing:

M
Us(0,t,z) = Z U (0,1, )™ + O(eMT1),
m=0

One gets at order e™1:

(O + A(0)) Un1 + LOUm = > FU,, Usy). (3.39)
l1+lo=m—1

Expanding the unknowns in Fourier series yields

(O + A(0z)) Um—1,p + L(ip)Um,p = Z Z S U p > Uiy o) (3.40)

l1+ls=m—1 p1+p2=p

Suppose that are known the U, for j < m — 2, Uy,—1, for p ¢ R and (1 —
II(pk))Upy—1,p for p € R.

For p ¢ R, equation (3.30) gives Uy, in terms of the known functions since
L(ip) is one-to-one and

Unmp = E(ip)il — (0 + A(0z)) Unm—1,p + Z Z f(ull,pnulz,pg)

l1+lo=m—1p1+p2=p
(3.41)
For p € R, a necessary condition for (3.40) to have a solution is

(e + (PR AQQ) Pk Uin-15 = Y D k) Uy py Unpp),  (342)

l1+ls=m—1 p1+p2=p
which is a linear system on (Up,—1p))per With a source term. One therefore has:

Proposition 3.3. For all (H(pk)azr,”fl) € H;(R"), p € R, there exists a unique

I(pk)U =t solution to (3.42) such that H(pk:)ugnfl(O,x) = H(pk:)agkl(x).

Note that the time T is the same than in the previous proposition. Once func-
tions I1(pk)U;" " are known, one deduces from (3.40):

(1= T0K)) Uy = QoK) | = O+ AGD Unrp+ D D FUtpesUiape)

l1+lo=m—1p1+p2=p
(3.43)
Let P = maxz(R). We therefore have proved:
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Proposition 3.4. For m = 0,--- ,M and p € R, let (a,') € H°(R") such that
II(pk)amp = amyp. Then, for p € Z and m = 0,--- , M, there exist some functions
(Um,p) € C([0,T]; H;(R™)) such that:

o Up,=0ifpéR.

¢ Uy =0 if lpl > P(m +1).

o Uyp(0,z) = ag, p € R and (Z/[S)pER is the unique solution to (3.87).

o Unmplpgr and ((1 — I(pk))Ump),cr are given respectively by (3.41) and (3.43).

o (I(pk)Up.p),cr satisfy I(pk)Upmp(0,2) = amp(x) and is the only solution to
(3.42) in'C (0, T); H3 (™).

Then

M
Uy (0.t 2) = Zsmz Zp@umpta:
m=0

pEL
satisfies
(0 + A(0) + 5(36)) v = FUE N UE ) = O(M)
in L>(0,T; H®) norm for all s.

Remark 3.1. The only initial data that one can prescribe are that of IL(pk)Up, p
forpeR.

We now give an error estimate for this expansion:

Proposition 3.5. Let U%(0,r) = UL (0,0,z).  There exists a unique solution
U(0,t,x) solution to (3.31) in C([0,T], H®) such that U=(6,0,z) = U’(H,z) and

U= (0,t,2) —U < oM

g,M‘Loo (0,T;H; ,([0,27]xR™))
Proof.
Take V° = U — U p;. Then V° satisfies:
1
(O + A(0x) + _L(9p))V" = O(™) + 2f (V2. Ueag) + (V. V),

with
Ve(6,0,z) = 0.

One then makes standard energy estimates. The crucial point is that the operator
L(0y) is skew-adjoint (see [8] for non skew-adjoint cases).
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3.3 Semi-discretization in time.

In order to compute solution to (3.26), we discretized in fact equation (3.31). The
important part of this discretization is to keep the fundamental property that the
linear part generates a unitary group on H?®. We have to deal with two different
truncation errors. The first one concerns the time discretization and is classical.
The second one is related to the phase variable 6. We will show below that in order
to obtain an error of order e, it is sufficient to project the solution onto the linear
space spanned by
{e?, —P <p< P},

where the integer P is such that P, = P(M;+1). Recall that P is the maximum of
the resonant set R. Moreover we call I1p, the orthogonal projection in L?([0, 27])
onto this linear space.

The discretization that one considers is:

unJrl —_Yn

1 Ut +ur
5 + (A(@m) + gﬁ(@g)) —_—

5 =1IIp, f(U",U"), (3.44)

with

Z/{O(H,x) = S’Ml(H,O,x).
We denote by U™ (6, ) the approximate value, computed from (3.44), of the solution
to (3.31) at time ndt and at point 6, x. Note that the nonlinear term is discretized
explicitly. The initial data is that given by the formal expansion obtained in the
previous section. The aim of this section is to prove:

Theorem 3.1. There exists ng > 0 and ¢g > 0, Cp, > 0, T" > 0 such that the
solution U™ to (3.44) satisfies if ¢ < e and 5t < no:

sup  U™MO,x) — U (0,188, %) s ((0.2m]xmn) < Cp(0t +M1),
n=0 to [L] e

where U is the solution to (3.31) with initial data U2y, (6,0,2) andU™ (0, x) denotes
the approximate solution at time nét.

Proof.
e First step: we make a WKB expansion on (3.44). Just as in the previous section,
one writes an approximate solution under the form:

My
ur6,z) = > emup(6,x)+ oM.

m=0
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At order O(smfl), one obtains the following equation which is the discrete equivalent

of (3.39):

un-i;l —yn_ un-i;l +un ur+l L yn
Tmol _Tmel oy A(g,)—mel_Tmed ﬁ(ae)mim
ot 2 2 (3.45)
= Z f(ull Y ulg)'
l1+lo=m—1
Expanding in Fourier series yields:
Up(0,) =Y Up (x)e? with
PEZL
urty —ur urt un

m—1,p m—l,p+A(ax) m—1,p .

. unJrl Ny (3.46)
+E(lp)w = Z Z f(uﬁmvulz,pg)'
l1+lo=m—1 p1+p2=p
We first investigate the case m = 0. Equation (3.46) gives:
Uyt +uy

ﬁ(ip)o’pfo’p =0. (3.47)

If p ¢ R, this implies Z/{g’;;l + Uy, = 0 and since U&;O = 0, one has
Uy, =0 Vn.

If p € R, this implies II(pk) (U&;,rl + Z,{&p> = U&;l + Uy, and since
H(pk)u&;o = Z/{&;O, one has

H(pk)Uy., = Uy, n, (3.48)

which is the equivalent of the polarization condition (3.34).
For the case m = 1:
If p ¢ R, we have already proved in this case that Uy, = 0 Vn. Therefore one
gets:
Ut +uyp o
wfw =L(ip)™" > fUG Uy, (3.49)

P1+p2=p
If p € R, (3.46) has a solution if and only if

un+1 _yn unJrl U

— e 4 T(ph) A(0:)H(ph) ="
(3.50)

= D k) F, USy,):

p1+p2=p
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Then one gets

unJrl wyi
(1 - (ph)) =2 —~
(3.51)
ug;1 - u&p un+1 + u&p n n
= Q(pk) <_T - A(8$)f +pl+p22:pf(u0,pl7u0,p2) :

We now show how to solve the system formed by (3.50) and (3.51). We start by
the resolution of (3.50). Let As(0;) the operator defined by:

—1
Ast(Dy) = <1+5tn<pk>A<am>H<pk>) (1—ﬁn<pk>A<ax>H<pk>>.

This operator acts continuously on any Sobolev space H® and is unitary on such
spaces. Equation (3.50) can be rewritten

" St -1
z%p:A&@gzﬁﬁ+<y+gn@mA@gn@m> X
" (3.52)
5752./4&( n lH pk Z / Z/{01!21’u0102))
=0

p1+p2=p

This system can be solved by a fixed point procedure (independently of d¢ pro-
T

vided that 0t is small enough) and one find a solution for n =0, - -, sil
Proposition 3.6. There exists ng > 0 and T > 0 such that if 0t < ng, there exists

a unique sequence (U&p)n 0, [Z]’ P € R solution to (3.52) and (3.50). Moreover,

if L{&p € Hyo([0,27] x R™) then for any s € R there exists a constant Cs > 0 such
that:

g, — %mmum ( < Cydt,

0,27] xRR™)
n=0, [61&]

where Uy ;, is the solution to (3.37).

Since the nonlinearity is discretized explicitly, this scheme is of order 1 even if
the discretization of the linear part is of order 2. The proof of this convergence
result is classical. See [7] for similar proofs in the context of wave or Schrédinger
type equations.

Remark 3.2. This proposition proves that the scheme is asymptotic preserving,
that it that the limit when € — 0 of the discretization is the discretization of the
limit.
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We now solve (3.49) and (3.51). The only difference with the continuous case is

that one has to solve equations on sequences under the form

an+1 4+ a® _ fn
— .
Writing (3.53) at index n — 1 yields
a” _i_anfl _ fn—l
— .

and subtracting from (3.53) gives
an+1 o anfl — 2(fn o fnfl)

that is .
21 21—1
2n 0 f B f
= 20t -
a a + lzl 5t

2n+1

and a similar formula for a . The following proposition follows.

Proposition 3.7. For any solution to (3.53) one has

fl _ fl—l

ot

)

sup |a"|gs@ny < C(Stz
i H3(R™)

=04 =

where C' does not depend on dt.

Applying this proposition to (3.49) and (3.51) and using the fact that
is given in terms of (U&p) thanks to (3.50), for p ¢ R, one gets that

sup Uy lizz < C(T. W)

n=0,-[3]

and for p € R:

sup [(1 = T(pk))UT |1y < C(T, [Uolms),

1= [£]

n+1

0,p

(3.53)

B u&p
ot

where the constant C(T', |Uy|ps) does not depend on d0t. It is then clear using

7L+1 _ n
proposition 3.6 and the expression of Op 57

0P in terms of (Uy,) that

Lemma 3.3. Under the hypotheses of proposition 3.6, for p ¢ R, one has

Sup - |u1n,p(x) - ul,p(n(;t,l'”]{; < Cot

=0 [£]

23



and forp e R

sup |(1— H(pk))ulrfp(m) — U p(ndt, z)|gs < C6t

n=0-[%]
where Uy p, 15 the first corrector in the asymptotic expansion given in proposition 3.4.

Remark 3.3. This lemma shows that the first corrector when ¢ — 0 of the dis-
cretization is the discretization of the first corrector.

For m > 2, similar manipulations can be handled and one gets that:

Proposition 3.8. The system (3.46) can be solved for m = 0 to My — 1 and one
constructs

Uu" = % UM (0, x) + O(eMTh.
m=0
Moreover (U")nzoww[%] satisfies
nzosup[%] U™ (0, ) — ULy, (0’nét’x)‘Hg’z([o,%]an) < Cot
and
sup ‘L{ng(@,ndt, ) — U (0, ndt, x>|Hg’z([0,27r]><R”) = 0(eM),

n=o. (%

where L{g M, @8 the approzimate solution given by the WKB expansion in the contin-
uous case.

This proposition proves that one can build a WKB approximation to the discrete
solution and that this discrete WKB solution is a discretization of the continuous
ones. This leads to the proof of theorem 3.1.

4 Space discretization and applications

4.1 General setting

In order to compute the solution u® to (3.26), we find the profile U¢ given by the
singular equation (3.31). We proceed as follows: let us give an initial data ug
under the form ug(z) = a(:z:)eik?x + c.c. with k given. We then choose w such that
the dispersion relation det(—iw + iAk + Lg) = 0 is satisfied. Now, in order to
approximate the solution (3.26), we use the semi-discretization (3.44) with initial
data U°(0,z) = ea(x) + c.c. We still have to deal with the space discretization
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of (3.44). One of the key point of the analysis of section 3 is that the linear part
generates a unitary group. In order to ensure the same property at the discrete
level, we use centered difference in space. Finally, the scheme reads:

uptt —un Ut +uyr

: 1 4 TY n g
_ +<A(Do)+€ﬁ(89) = T, (U U,

where
P
n __ n _1k0
U=y Uhe
k=—P;

where U} are real number and the operator £(Jy) is given by
Py
LOUT = > LU ™,
k=—P

and A(Dg) denotes the centered difference operator

AU . — AU
(ADU"); = — =

This is an implicit scheme with an explicit discretization of the nonlinearity. More-
over, at each time step 2P, + 1 linear systems have to be solved. But since the
solution is real, one has U;fk = m, therefore one needs only to solve P; + 1 sys-
tems. In a 1-D geometry, these systems are solved by a direct method. In the next
section, we present the application of our method to the second harmonic generation
problem. We would like to emphasize that we obtain a discretization of the singular
equation (3.31) (and therefore of the original system) and not one of an asymptotic
solution.

No rigorous estimate of the error for the full discretization has been obtained. How-
ever, according to the numerical results of the next section, we can suggest that at
least we should have

sup |8, x) — U (B, ndt, z)|| = O™ + 6t + o)
4.2 Application to second harmonic generation.
We consider again the Maxwell-Lorentz system (2.15) formulated as follows (the

tildes have been omitted):
0H + MO.E =0, (4.54)

Wo, B — Mo.H + %U + %v —0, (4.55)
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O F — %U —0, (4.56)

&G — %V =0, (4.57)

Wq Wa 2
o:U + ?F - Oéa?TE = waYJaX (E, E)v (4'58)
OV + G — " TE = wyyJyx*(E, E). (4.59)

We introduce u® = (H, E,F,G,U,V) and the system satisfied by u® is of the
form (3.26). On can therefore apply the methods of the previous section. However,
the system (4.54)-(4.59) has a special structure: it can be reduced to a 6th order
system as follows: one applies 9; on (4.58) and using (4.56) gives

2
(af + %) U-— aa%TatE = wo SO (E, B). (4.60)
The same operation on (4.59) using (4.57) leads to
2, W “b 2
(@ + —2> V —apy—TWE = wyy hOrx“(E, E). (4.61)
€ £
We next compute 0;(4.55) and using (4.54) we obtain

YWO2E + MO2E + %@U + %atv — 0. (4.62)

2 2
Now apply <8,52 + w—;) <8,52 + w—g) on (4.62) and using (4.60)-(4.61) leads to
£ £

5 | Wa 2 Wg (1) (92 2
at + 6_2 at + 6_2 XOO (8t +M8Z) E‘7

2 2
2 | W\ Wa 2 (Qa 2
n (at n —€2> e (—6 TE +vJo2(E, E)) (4.63)

2
Wq

2
2 Wy a2 (b 2 _
+ (at + 62) L9, (6 TE +~vJyx (E,E)) 0.

This system is a 6th order system equivalent to (4.54)-(4.59). Note that this elim-
ination process can be performed for the singular equation, that is replacing 0; by

k
O — f@g and 9, by 9, — —Jy. It can also be performed at the discrete level replacing
€ €

0; by differences in time and wg, wp, Oy by mean values that is w,F is replaced by
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n+1 n n+1 n

wa¥ and OyF is replaced by 89#. By this procedure, we have
divided by a factor 6 the size of the matrices that have to be inversed at each time
step. We obtain naturally a numerical scheme coupling directly 6 time-steps and
that is equivalent to that of the previous section. Note that wg, wp, ag, ap are
diagonal matrices that do not commute with M.

For the numerical tests, we study a boundary value problem. The electric field
for all times at z = 0 is given by

- wt

E(t,z=0) =¢e"=b(t) + c.c.

4.3 Numerical results.
4.3.1 Moving computational window

In order to reduce the computer resources required for the simulations, the pulse
is tracked and computations are performed only where it is needed. For the clarity
of the presentation, let us suppose that we have a global grid for the total com-
putational domain and the grid points are numbered from 0 to Ng + 1 (from left
to right). This is an artificial grid that will not be used in the practice because it
can require a large memory space. However it allow a simple presentation of the
adaptive window approach. In this global grid, the computational window, at each
step n, is defined by the indexes I]* and I;. These bounds are computed in order to
satisfy the inequalities 1 < I* < I} < Ny, and such that the electric field vanishes
for all indexes out of the computational window:

E'=0 for I'<i<I;

The tracking procedure is achieved by an estimation of the fastest v, and the slowest
vs group velocities associated to the pulse. These velocities are estimated according
to the light velocity, the angular velocities w, and wy and the permeability tensors
( Xgl) and xg,)). It is possible to define the evolution of I;(n) and I,(n) so as to
satisfy the relations:

o<t -mr<1, o<1t —1"<1, and I!-1I'=N.

where N, is the size of the mesh in the moving computational window. For a short
pulse propagating on a relative long distance, the size N, is small compared to the
equivalent fixed computational domain size N;. Then, the moving window strategy
improves considerably the computational time required.

4.3.2 Boundary conditions

For numerical applications the crystal will be supposed defined for z = 0 to = =
L. + N.0x, where L. is the crystal length and N.0x the size of the window of
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computation. We assume that there is no electric field in the crystal at the initial

time and the propagation is initiated by a the electric field y(¢) defined at the point

z=0:

t—4Ty 2
T«

50(t>=”2—°”56_% e W) fee, V20,

where c¢ is the light speed, T is time duration of the pulse, ||Ep]| is the strength of
the pulse, £ the polarization unit vector. In the non dimensional form, we have:

1 | _1t-4Tu?2 o7y 0
Eo(t) = 556 2 T e e e +ec. for 0=0(t,x=0).
Therefore
B P ST
—_ e * [ € 1 =
Eoplt) =4 2 g
0 if p#1

We also need to define the magnetic field Ho(t) at the left of the crystal. We will
consider the following linear approximation:

Ho(t) = gMgo,p(t).

When new points comes in the computational window, according to the initial
condition, associated unknowns are set to zero.

4.4  Applications.

In order to validate the numerical strategy proposed in this paper, some characteris-
tic regimes of the conversion process are investigated. Computations are performed
for a boundary value problems with a given incident wave at the left of the crystal
and no field at the right. We assume that the incident pulse have a Gaussian shape.
Its duration is Ty, = 150fs, the wavelength is A = % = 815nm and the amplitude
of the incident field is given by ||€o|| = 7.5 108V /m. According to the experimental
results proposed in [21], the third order nonlinear effects are overlooked, and the
coefficients of the quadratic polarization is:

P = d3; = doy = dsg = 4(4.35 10~ )m/ V.

Computations are performed with different mesh size, from dx ~ 6 to dx ~ 0.5A.
In all the figures below, all the fields are normalized by the amplitude ||Eo]|| of the
incident field.

The first regime considered for the numerical computations is the case of an
incident wave satisfying the phase matching conditions. As the pulse propagate in
the KDP crystal, the second harmonic (p = 2) is generated and amplified (Figure
1). After 700um propagation, the fundamental (p = 1) and the second harmonic
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waves sizes are of the same order. The pulse is dominated by the second harmonic
component (p = 2) after 2000um = 2mm propagation in the KDP crystal (Figure
2). In order to investigate the accuracy of the numerical approach, computations are
performed for different mesh sizes (Figure 3). When the second harmonic generation
is observed in terms of the energy conversion, there are no significant difference
between coarse and fine meshes during the propagation in a 2000y crystal. We
can suppose that these results are associated to some conservative properties of the
physical model, preserved by the numerical scheme. However, the details of the
pulse evolution shows some important differences in the computations. Indeed, the
converged pulse shape, until ~ 2000um propagation in the KDP crystal, is obtained
with fine meshes ( dx ~ 1.2)\ and 0z ~ 0.5\). For dx ~ 6\ ( respectively dz ~ 3)\)
the evolution of the pulse shape is can be assumed converged until ~ 500um (
respectively ~ 1000um ) propagation in the crystal (figure 4). We then deduce
that, for a fixed mesh size, the accuracy of the pulse shape is inversely proportional
to the distance of propagation. According to the analysis associated to this regime,
the non oscillating component (p = 1) and the components associated to p > 2 (not
plotted) are of size very small compare to the incident wave. Indeed, in this case
only the fundamental and the second harmonic components are in the characteristic
variety of the propagation operator. In this case, different computations performed
with the phase bases associated to M > 2, approximatively gives the same results.

When the incident wave properties are far from the phase matching conditions,
the situation is different. The size of the second harmonic is now of order ¢ ~ 104
and does not grow during the propagation (figure 6). The modification of the
fundamental wave shape observed on figure 6 is associated to the linear dispersion.
Accurate computations are also obtained with M = 1.

The last regime considered is designed to show that, even when a mode is not
perfectly in the characteristic variety, the proposed approach gives an accurate de-
scription of his evolution. Indeed, let us consider an incident wave near the phase
matching conditions. In this case the second harmonic mode is nearly resonant.
During the propagation in the KDP crystal this mode is successively amplified and
damped with a maximum amplitude lower than the fundamental component but
larger than ¢ ~ 10~ (figures 7 and 8). Of course in this case, computations with
M =1 will not gives accurate results, even for very fine meshes. The angle for phase
matching is ¢ = 44,35 degree. The computation presented here is with ¢ = 44, 05.
This small different has some large effects.
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Figure 1: Case of an incident wave satisfying the phase matching conditions. Evolution
of the normalized electric field shape as a function of the crystal thickness: Fundamental
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Figure 3: Case of an incident wave satisfying the phase matching conditions. Normalized
energy (left) and amplitude (right) as a function of the crystal thickness: Fundamental

and second harmonic components.
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Figure 4: Case of an incident wave satisfying the phase matching conditions. Shape of
the fundamental component of the electric field after 2mm propagation in a KDP crystal:
mesh convergence investigation.
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Figure 5: Case of an incident wave satisfying the phase matching conditions. Shape of
the non oscillating (p=0), the fundamental (p=1) and the second harmonic (p=2) com-
ponents of the electric field after 2mm propagation in a KDP crystal: mesh convergence
investigation. From left to right dz ~ 6\, dx ~ 3\ and dx ~ 1.5\.
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Figure 6: Case of an incident wave far from the phase matching conditions: Evolution of
the normalized electric field amplitude in the crystal. Fundamental (p=1) and the second
harmonic (p=2) components.
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Figure 7: Case of an incident wave near the phase matching conditions: Evolution of the
normalized electric field amplitude in the crystal. Fundamental (p=1) and the second
harmonic (p=2) components.
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Figure 8: Case of an incident wave near the phase matching conditions: Evolution of
the normalized electric field amplitude in the crystal, fundamental (p=1) and the second
harmonic (p=2) components.
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