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Pulse-Propagation Equation (1)

Nonlinear pulse propagation:

1 0°E 0°P 0P
VEZa Tt

> <« Perturbation, scalar, &
ot quasi-monochromatic approach

Electric field:

E(r )= % RIE(r,t) exp(iegt) + ¢ ]
Linear polarization component:

P (rt)= % X[P (r,t)exp(-imt) +cc] — P (r,t)= EOJ: 2Ot —t"E(r,t") explia, (t —t")]dt’
Nonlinear polarization component:

P, (rt)= % X[Py (r,t)exp(-ia,t)+c.c.]

5P () =2 [ [ 7Pttt t=t)FE(r,t)E(r,L,)E(r ty)dudt dt,

< Nearly instantaneous response

— P (r,t) =g, E(r,t)E(r, )E(r,1)
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> B ()= ge E(Rt)  «gy = ZZ>(<§>)<X‘E(r’t)‘ 2



Pulse-Propagation Equation (2)

Electric field in the Fourier domain:
E(r,0—a,) = j_°° E(r,t) expli(ew — o, )t]dt

Helmholtz equation:

V2E + £(w)k2E =0 <—k0:% —e(@) =1+ 72(0) + &,

Refractive index: Absorption coefficient:
A=n+n,|E[ G=a+a,lEf
3 3w
—n, =—Re(zY —>a,==—Im(z%
2 8n (Zxxxx) 2 4nC (Zxxxx)

Solution form in the Fourier domain:
E(r,0-ay) = F (% ) ARz 0-0,) exp(i2)
d’F d°F .
- ™ + 0y’ +[5(a))k02—,62]F =0

. 0A -~ ~
> 2, (B~ p)A=0

Recall: ¢(w)=(A+ial2k,)’




Pulse-Propagation Equation (3)

For a small perturbation:

& :(n+An)2 ~Nn°+2nAn
1

i 0 kOHw An|F(x, y)\2 dxdy
> plo)=pf)+AB  —>Af= Hz‘F(X ) dxdy

> An=n,|E[ +

Electric field:
E(r,t) = % X{F (x, y)A(z,t)exp[i( 5,z — w,t)] +c.C.}

Slowly varying amplitude in the Fourier domain:

~

—)2—5: i[(8(0)+AB- B,]1A Recall: — 2iﬂog—/;+(/§2 - B)A=0

Propagation constant:
1 1

Bw) = ﬂo ‘|‘(a)—(00),31 +§(a)—w0)2ﬂ2 +g(a)—a)0)3133 4.
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Pulse-Propagation Equation (4)

Slowly varying amplitude:

A(z,t) = %J‘z A(z, - a,) exp[-i(o-o)tldw

Recall:
A i)+~ A1A=C
'B(a)):'B0+(w_a’o),81+5(&)—a)0)2,32+--- Recall: —>a)—a)0<—>i§

Nonlinear Schrédinger equation:
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_>8_A+Igl aA_|_ 15, 0 'ZA‘ @ Z A= 7‘A‘ —y= N, < "Nonlinear parameter”
07 o0 2 ot 2 CA;
2
0 2
v, =1/4 (.”_oo‘F(X’ y) dxdy)
’ — Ay =

— S, “GVD parameter” ”:‘F(X, Y)‘4 dxdy
—n, ~2.6x107°m*/W 5



Higher-Order Nonlinear Effects (1)

Incoherent (intensity-dependent) nonlinear effects:
- 1(3) (t-t,t-t,,t-t) = Z(g)R(t —4)o(t-1,)o(t-t;) <« J.: R(t)dt=1

< "“Nonlinear response function”

Recall:
Pu () =& [ [ 72 (t=t, t=t,, t—t.) E(r,t)E(r t,)E(r, t,)dtdt,dt,

Nonlinear polarization:
—> P, (r,1)= (*;°0;((‘°’)E(I’,t)jt R(t-t) ‘E(I’,tl)‘2 d, < For“causality”
> [ R(t)dt=1

- P, (r, =6 ‘0,8 Eqr, t)j R(t—t)|E(r,t)[" dt,
4 < R({)=0if t<0

In the Fourier domain:

— An(@) =n,(@)[ RE)[E(r,t-t) dt + '“(”)

- y(w)=y(o)+trn(@-w,) «r= [d j

- oa(o)=a(w)+a(0-w,) <o = (—aj



Higher-Order Nonlinear Effects (2)

Nonlinear Schrédinger equation:

Recall:
i L AL > 1(0)=7(@,) + 100
- a(0) = a(w,) + o, (0 - w)
—>Z—’j+;(a(a)o tig, j wl' _ (7(wo)+|71§j(A(z 0] RO)|A@ -t dt)

Nonlinear response function:
R(t)=(1- f.)o(t)+ faho(t) < "Raman response function”

Raman gain: — g (Aw) = % fR)((3) Im[ﬁR (Aw)] < “Kramers-Kronig relation”

Chy for the real part of h
(_ Aa) = — a)o (a) . . . | . GAPAA‘grawaI,NonlinearFiberOptics,S”‘edA
g o ]
Raman response function X
in view of the damped oscillation: N

Frequency (THz)

(b)
3

> h.(t)=(z;° +1,°)r,exp(-t/ 7,)sin(t/ z,)

Forsilica fibers:  «17,=12.2fs & 1,=32fs L"‘_u: 7
e fR ~ 0.18 % 01 0z 03 TUTA am 05 05 07 0.8 7

Fg 22()M ed Ram nsp of silica fibers; (h) te p If m of the Ra-
esponse fun dd |:H Ig d a. (Based on the Raman-gai Iiap vided

IyRH Stolen.)




Higher-Order Nonlinear Effects (3)

Nonlinear parameter:

d
7= (@) =22 (@) =(d—7j LB (dn2j L% A
A\? d @ W=, CA\eff CA\eff d o O=a, CA\eff d @ —0

@) 11 (dnzj 1 [d&ﬁ]
7/((00) 600 r]2 d(() =y A\?ff da) w=ay

Further approximation (pulse width > 100 fs):

W=0)y

0
~|A(z 1) —t' =|A(z,
Az -t 2
The first moment of the Raman response function: <« R(t) =(1- f;)o(t) + f h. ()

T, = [ R@dt~ 1, [ thy @t = , HMRED

d(Aw) N
Approximated nonlinear Schrodinger equation:
3 O|A
SN B TA BOA_Eaa ——(\A\ A-T,AdA [
oz 2 2 0T 6 OT w, OT oT

«T=t-7 /vg Et—ﬂlz < "Retarded frame”



Numerical Methods (1)

Split-step Fourier method:
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Schematic illustration:
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Numerical Methods (2)

Predictor-corrector scheme:
dy
—=f
5 (z,y)
— Y, (2+Az) =y(2) + [z, y(2)]Az
— y(z+Az) = y(z)+%{f[z, y(2)1+ flz,y,(z +Az)]}Az

— The value predicted by an initial rough estimation is to be corrected by iterations.
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