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EM Modelling How to simulate light action ?

> Models




EM Modelling Different numerical approaches

. INCIDENT FLUENCE DISTRIBUTION [J cm '2]
> Beam Propagation Method 0.6
10
. . . T 5 0.4
Long distance propagation for short A (fibers ; transport...) = _g 0.2
Paraxial approximation of the Helmholtz equation -10 o.
Pseudo-spectral approach 0 60 120, | [um]180 240 300

> Finite Difference Time Domain

Short distance propagation for short A (Nanophotonics, Interference, Interaction...)
Long distance propagation for large A (Radar, Microwave...)
Full Maxwell equations in time-domain approach

> Plane Wave Expansion os ot 2
No propagation (Modes, stationnary optics...)
Band structure based on Fourier modes (Photonics cristals) 02
Full spectral approach 3




- EM Modelling am Propagation Method

| The paraxial equation solved by BPM method

Starting from the wave equation for a monochromatic wave
3°E N d’E L PE d’E
Jx? 9y? 0z>

With the spatially dependent wavenumber k(x, Vv, z) = kon (x, v, Z)

+ k2 (x, vwwz)E =0

The main assumption is that the variation due to propagation along the z axis represents
the fastest variation in the field E. This variation is exemplified by introducing slowly
variation in the field u and we have:

E(x,v,z) = u(x, y, z)e /F?
Where (5 represents the avearge variation of E, it is called propagation constant

Substituting the approximated solution E into the propagation equation gives

du L9 ﬁa du N du L2 8
- = o u
a2 ez T ax 912 4




am Propagation Method

At this stage, we assume the slow variation of optical filed in the propagation direction (SVEA) which requires

Electric field Electric field envelope
E(x) ) £ (x)

62
82

& ’2/9

lgnoring the laplacian along z (Fresnel approximation) reduces the « paraxial »
propagation equation to:
2 82

~du  0°u ) 5
2lﬂaz_82+ﬁ+(k ﬁ)u

E(x)=E(x)e "

Note that it does not describe any polarization effects. The equation determines the
evolution of the field for z>0 du

—_— = 5&1 + Wu
0z
With the operators on the right hand side being B — 1 /9% 97 )
2B \ax2  9)?
~ 1
W=_— (k- p



am Propagation Method

~ 1 (3 92
D=5 (5 * 7)
2jp \ x> 9y? Operator D represents free-space propagation (diffraction)
p__1 (k2 . 52) Operator W describes guiding effects

Assuming that operators are z-independent, the solution is symbolically written as

ulx,y,z+ Az) = e(ﬁ+W)Azu(x, W, Z)

_— — _— —_— l o~~~ .
And using the Baker-Hausdorf lemma AP = ATBp3l4.8] NB: [A,B] is the commutator

Given that A and B each commutes with [A,B]. We can then approximate the amplitude by

u(x, y, z + Az) & P82y (x, y, 2)



Propagation Method

2 2
Consider an equation containing only an operatorD 2,8 ux, y,2) = (% 837) u(x,y,z)
X

0z

Define 2D continuous Fourier transform as

+o00
g(sz ky9 Z) = / u(xa y9 Z)e—j(kxx+kyy)dxdy = Ec,y {U(x, }’, Z)}
and its inverse
+00
w2 = [ Wl k20l Sk L iy, 2)
—00

Apply the 2D FT to the top equation and have for Fourier components

= a ~ 2 ~
2jB-i(x, v, 2) = —(k; + k})ii(x, y. 2)
i o




Propagation Method

~ — 5= (K2 4+k2) Az~
Integrate the above from z to z + z and have ux,y,z+ Az) = e 28" u(x, v, z)

= H(ky, ky, A2)ii(x, y, z)

To analyse operator W, introduce the relation B = koneff

Write also refractive index nas # = Hefr + An

Substituting the above into previous equation gives an expression for operator W to the first
orderinn




plementation of BPM

Il Implementation of the BPM method

We will use the Fourier Transform split-step method

A general scheme of FD-BPM is described by the propagator U, which we use to advance

field as
E, (z+ Az) = U(AZ)E(Z) Nl\.-\\

Y A :\\\\ \\
7.
1 +2 FD-BPM ~==-’

\>~Z+AZ

- ¥
[—
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N/

1 + 1 FD-BPM

>
. x -




)lementation of BPM

Initial profile u(x,y.z = 0)

Uu(ky kyz) = Fofu(x,y,z)}

v

Flow diagram for the BPM split-step method [ (ke ky.z +Az) = H(ke iy, A2) il Ky, 2) ]

u'(x,y,z +Az) = F;)',l{ ;(kx,ky,z+Az)}

v

u(xyz +Az)= €™ u'(xpz +Az)

-

\.

No
Finished?




A first implementation

08 Pure diffraction process
ATTLR iyl
064.-- LM
04
0.
06
5 5 0.4 4
Initial Gaussian Beam 024"
04 ;
5

0

Propagated Gaussian Beam
-5 -5 11



 EM Modelling A first implementation |
% File name: Gauss.m

% Propagation of 2D Gaussian pulse by paraxial FT split-step BPM
clear all

close all

N= 10; delta_x = 1/N; minmax=10;

X = -minmax:delta_x:minmax; % creation of space arguments

y = -minmax:delta_x:minmax; % creation of space arguments
delta_z = 5.0; % step size along z-axis

delta_n =0.4; k_zero = 100;

beta = 20; % propagation constant

%

kK_x = -minmax:1/N:minmax; % creation of Fourier variables

K_y = -minmax:1/N:minmax; % creation of Fourier variables

%

%

u_init=(exp(-x.A2))*exp(-y.*2); % initial Gaussian pulse
mesh(Xx,y,abs(u_init)); % plots original pulse 12




EM Modelling |

temp = delta_z/(2*beta);
H_transfer = (exp(1i*temp*k_x."2))"(exp(1i*temp*k_y."2));
H_transfer = fftshift(H_transfer); S_phase = exp(-1i*k_zero*delta_n);
%
for n=1:100
z = fft2(u_init);
zz = z.*H_transfer;
u_prime = ifft2(zz);
u = S_phase.*u_prime;
u_init = u;
mesh(X,y,abs(u_init)) % plots pulse after propagation
Zlim=1;
pause(0.1)
end
%
%close all

A first implementation |

13



EM Modelling Nonlinear example

~10°D
¢’ ot

Nonlinear wave equation VzE

Displacement field is given by

D=¢E=n’E = (n + An)zE = (n + 2nAn)E

We obtain the nonlinear Schrédinger equation
Defocusing /

aw 1 o) k 2
E— ) ——Vwy——n =0
% Ok n4 2";”‘ 4

Hy
Focusing L \

Propagation  Diffraction  Non-linéarity

Kerr Coefficient

14



EM Modelling Filamentation regime

Plasma

Intensity profile Kerr Effect An=-N(I) /2N, <0
= crit

n=ng +n,.l

/

N N~
Linear part / \/ \/ i

81,y 1 o’y
62 2k ox?
Nonlinear part
@w k
—n
82 n 2"7”‘
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mentation regime

Initial profile
Y(z, 2)

t

(kg 2) = F [¢(z, 2)]

l

U(ky, z + Az) = V(k,, 2) exp [z
V(z, 2+ Az2) = F. {V(k;, 2)}

|

V(z, 2z + Az) =9Y'(z,2 + Az) exp {NAz}
|

k: Nz
2ko




Filamentation regime |

Beam profile
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