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- Nonlinear Schrodinger Equation
- Examples
- Adding more physics

- Chi3 resulting from molecular orientation

- Non-instantaneous nonlinearities



https://www.youtube.com/watch?v=hfc31L9gAts



Nonlinear Schrodinger equation and solitons

Nonlinear Schrodinger Equation (NLSE)
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&A'(z, T) + %zkga—TzA’(z, 7) = iv|A (2, 7)|° A (2, T)

k, > 0: normal group velocity dispersion
k, < 0:anomalous group velocity dispersion

]f((,d) — ko + kq (UJ — UJ()) + %kg(w — (,u‘())2 + %kg(w — wo)g + ...

Solitons are solution to the NLSE:
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Soliton phenomena
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This code is neither

Numeric solution of the NLSE (e.g. in Python) elegant nor efficient

but hopefully easy to read

import numpy as np
import scipy.integrate as scint

def NLSE(z, a):

# This function return the RHS ofthe NLSE according to

# d/dz a = -i/2 k 2 (d/dtau)*2 a + 1 gamma |a|"2 a

# d/dz does not depend on z, so the variable z is not used here
# discretized tau axis # (but z is required for formal reasons to interface with the solver )
tau = np.linspace(-tau span/2, tau span/2, ntau)

# linear evolution (dispersion)

da_dtau = np.gradient(a, dtau)
d2a_dtau2 = np.gradient(da dtau, dtau)
da dz L = -17*0.5*k2*d2a dtau2

# combined linear and nonlinear evolution
da dz = da dz L + da dz NL

for z_idx, z in enumerate (z_save):
solver.integrate(z) <
a_save[z_idx] = solver.y

return da dz

solver = scint.complex ode(NLSE)
solver.set integrator(’'dopri5’, rtol = 1e-19)
solver.set initial value(a init)




Simulation of soliton dynamics

Fundamental soliton (soliton order = 1)
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Soliton Collision

2.00
1.75
1.50
1.25

1.00

z (m)

0.75

0.50

0.25

0.00
-4 -2 0 2 4

time (ps)

2.00
175
1.50
1.25

1.00

z(m)

0.75

0.50

0.25

0.00
-20 -15 -10 -5 0 5 10
frequency (THz)




Modulation insta b|||ty (can we do things other then solitons with the NLSE?)

Wy Ak =2k, —k, — k; = —=2yP — ko Aw?
Wi Ws
i —2vP
Aw Aw Same frequency distance between lines Ak = 0: A ) — + —/
T | vy
NLSE: w
O Aer) + Liky 2o A7) = in] Az, P A2, 7)
= T)+ 51k 57— T) = T T
2 9 o Liv2 o572 ) Y y 9

Ansatz for a small perturbation:

Az, 7) = ap(2) + a(2) €27 +af (2) e 727
- - S - Here no factor 2. As we took out the pump field ap,

N~ N~
a s (Z) a; (Z) this term does not represent XPM but the difference
XPM and SPM. Formally this is done by applying to

each field a phase factor exp(iy|ap|zz).

Only keep terms linear in the weak field:
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Modulation insta b|||ty (can we do things other then solitons with the NLSE?)

Wi

Ak = 2k, —

Same frequency distance between lines

One equation for each frequency (+Aw)

9,
1 2 . 9 L9y
5,0 ~ sthoAw”as = iv|ay|as + ivasa;
8 * 1 - 2 % . 2 % . *2
55 % + sthoAw?a; = —iv|ay|“a; —iva, as
Same thing in matrix form:
(%as) B (%z’kgAwQ + iy|ap|? ia
« | = .42 1. 27 2
-a; —iya,, —5iko Aw® — ivy|ay|

Eigenvalues (describe growth of weak sidebands):
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k, must be negative

Fastest growth when ...
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z(m)

Non-degenerate FWM
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Cascaded non-degenerate FWM
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Upgrading the NLSE

o .8

l including loss and higher order dispersion

04 o Y
+5A->  —kin

l
§>2 J:

A=iv|Al4A

NLSE is limited:

Neglects losses

Chromatic dispersion only valid in small frequency range

Neglects dispersion in the nonlinearity
Assumes the nonlinearity is instantaneous
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x3) arising from oriented anisotropic molecules (e.g. in liquids)

As defined:

P =¢y(n° — 1)E

| —

X(l)

P = EON <Od> Elocal

N: number density of molecules

1
Elocal — E+ P
360

(assume void in medium and
apply Gauss law on the polarization)

Lorentz-Lorenz /Clausius-Mossotti
2

N {a) _ng—1

3 ng + 2

nz 4 2
Elocal_< 03 )E

E-field enhancement in medium

" anisotropic polarizability ellipsoid

Mean polarization of medium in direction of E;,.q;
P=N [O‘H <(3082 9) + a <silr12 9)] Eiocar

Mean molecular polarizability

(@) = (a —ay) (cos*0) + a,

Energy and probability for specific 6:
_ 1 _ 1 2
W = _§P ’ Elocal — _505(9) ’Elocal’
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0 0

2 L 1 4 (OdH _ OKJ_) ’Elocal’2
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x3) arising from oriented anisotropic molecules (e.g. in liquids)

ForCS,  hy(t) = Ale(r/tdi”)(l — e(t/t““"’cfl))
_{_Aze(_t/tim)(l . e(_t/trisc.l))
—+00
n.:@yALaT)/ﬂ R(m)|A(z, 7 — 7)[2d7’ + Asel 20 §in (1 tise )

Non-instantaneous nonlinearity:

Kedenburg et al., Applied Physics B (2013)
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Upgrading the NLSE
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l Including non-instantaneous nonlinearity
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