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Motivation

¢ Few cycle pulses are being generated in the laboratdiive-
optical-cycle pulse generation.Beddard et.al. (2000)

% We can do pulse propagation using FDTD solution of Maxwell’'s
equations; but envelope approaches are faster and more intuitive.

% Brabec & Krausz (1997)derived an envelop&EWA egn ex-
tending the commonly useé8VEA eqninto a few cycle regime.
(see alsdPorras’s (1999%lightly differentSEWA egnwhich bet-
ter treats transverse effects.)

» ... but what happens to solitons in the few-cycle regime? Do they
fall apart or do they stay robust?

Summary: Solitons— Theory — Few-cycle Solitons— Col-
liding Solitons— Logical Solitons— Parametric Solitons» Spec-
tral Overlap— Conclusions
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NLS Solitons

B The Non-Linear Schreedinger (NLS) equation governing soliton
propagation is:

0:A(E,T) = |[316TA(E,T)—%afA(E,T)+2n|—;TA(E,T)*A(E,T)2, (1)
0
A(E,T) = n sechin[t—Vg)). (2)

» Despite the apparently delicate balance between nonlinearity and
dispersion, solitons are quite robust. If you try to propagate a vaguely
soliton-like pulse, and generally it will shed all the non-soliton parts,
leaving a “good” soliton.

» NB: Throughout this presentation, I'm going to assume a “perfect”
medium — pure(® and only up to second order dispersion. Whilst
unlikely to be realistic for true few-cycle pulses, I'm mainly inter-
ested in the extra FC effects, not an engineering simulation.
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Few-Cycle Theory

B 3D wave eqgn,small transverse variation, plane polarized, disper-
sion by expandindx aboutuy, with k(w)? = &(w)w?/c?%; z axis prop-
agation,d, = 0d/0q:

2 2 _a_t2 t / Y /_4_T[2
(0z+07) E(F,t) = dt'g(t t)E(?,t)_Czath(?,t)

B Field < Envelope x Carrier
Split the fieldE (and polariz.P,) into an envelop& (B) & carrier:

E(r,t) = AT, zt)ePoz-wottbo) 4 ¢ ¢,
Pu(F,t) = B(F,,z1t)ePoz-tot+bo) | ¢ ¢

» Pulse envelopes tend to be less useful in the few cycle case, be-
cause they are less likely to be smooth (wwd).

» A given envelope represents many different field profiles, since
there are many possible carrier phases.
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—few-cycle many-cycle—
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Bl Derive an envelope propagation equation...

[1 Split the description inté\ andA* pieces, and solve one.
[1 Co-moving variables = wy (t — B12), & = Boz;
definec = woP1/Bo = (wo/Bo)/(1/B1) = Vs / Vg andng = cfo/ tdp.

[J Dispersion parameteyg = dgk(w)|,, = Bn+ 10

00 -1
Yo
n!

(Bo/wo) D" = |101(10;) + (10)"

N=
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B An exact propagation equation forA(&, 1) with B(&, T; A) ...

l/ (2[3(%) DiA—I— 2'?(1+|0T)ZB ﬁ.
1+ 100;) ng (1+100;) 14100,

(0 1) A
0:A=|——+ |D’) A+
¢ ( Bo (

» Trns= 0= generalised few-cycle approximation (GFEA) eqn.
» Backward propagating parts appear as a rapid modulation of the
envelope; but are approx’ed away when enforcing “smoothness”.

B Approximations ...

I I [/ Op 2
Tans = |24~ (d0_\py
RHS [ 2§+2(B0 I )

Slow Evolution: 0 < 1 if |0:A(€,Q)| < |A(E,Q)

A&, 1) ~0.

Y

. . . QM ~ ~
Weak Dispersion:0; < 1 if %;er:]! A(E,Q)' < \A(E,Q)|,

Small Diffraction: 0% if (1+0Q)Bw; > 1,
g (1+0Q) _ [B(EQ:A)
2n(1+Q)* 7 |AEQ)|
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B In order of increasing accuracy:

[1 SVEA: Slowly-Varying Envelope Approximation
(1+10:)*/(1+100;)B— B SVEA

[] SEWA Slowly-Evolving Wave Approximation
— seeBrabec & KrauszPorras

(1+410;) 1+251+|;2?2]B (1+10;)B  SEWA
((111:25)2)8 (1+1[2-0]+0:)B  SEEA

[1 GFEA: Generalised Few-cycle Envelope Approx.
— This is our new approximation; & includes all time-dependent corrections
to the nonlinear polarization. Aka “Generalised Finite Envelope Apprex’
FPEA — Finite Pulse Envelope Approximation

B Expansion of few-cycle polarization terms:
1+1(2—0)0;— (1—0)°02+10(1—0)*03+ 0(d%).
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Summary

M | have ...

» ... derivedexact envelope equatiogeverning the propagation and nonlinear
interaction of short pulses.

» ... done this without th&VEA, and without death by creeping approximation.

» ... clearly defined the form of the terms which are removed, and specified the
necessargpproximations

M This shows ...

» ... the “few cycle” effect is (mostly) a pulse profile dependent adjustment to the
nonlinearity, which affects the phases and interactions of propagating fields.

HInow...

» ... apply theGFEAto NLS solitons, giving examples of how thpiropagation
collisions andinteractionschange.

» ... apply theGFEA to parametric solitons, showing how th@ropagation
alters.

» ... remark on situations in which different pulses hapectra that overlap
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Few-Cycle Solitons

B The leading order few-cycle correction to the nonlinear term in the
NLS soliton propagation equation is:

J(2-0)aA’A 3)
» Apart from the prefactor, this looks the same as the “self-
steepening” perturbation studied Byswas & Aceveswhich results

from the wavelength dependence of the nonlinearity.

» This type of term causes a velocity shift —

V= —K+Av=—K—E&n?A, (4)
Hence Av = —&n°A = —-n%X(2—0) /0wy (5)

» Note that e.g.Biswas & AcevesandWabnitz, Kodama & Aceveblave done
exhaustive studies of the effects of various perturbations on solitons and soliton-
soliton collisions: including the “self steepening” term of the same form the first
order few-cycle correction.
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Faster! Faster! Few-Cycle Solitons

B How good is this first order velocity shift formula?

» Contour plots of the timing shifts as a function of group/phase velocity ratio
o (down) versus pulse bandwidth multipli&r(across).
(a) First ordeBiswas & Acevegerturbation theory=n2x (2— o) /uy

(b) full few-cycle (GFEA) simulations.
» (c) Difference between 1st order and full SimulatioAs:

» Note a GFEA contour crosses the lioe= 2.00, whereas the B&A contour lies
exactly along it — here the leading ter@-{ o) has vanished.
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Colliding Few-Cycle Solitons

B Launch a pair of oppositely detuned solitons into a Kerr medium,
so that the faster one will overtake the slower — then watch the out-
come after the pulses have crossed over.

» Forvi /vy =0 =1, only the first order few-cycle term is non-zero,
so we wouldn’t expect to see much more than the velocity shift

» Note: the first order term isn’t exactly/sv, — it's GTA\A|2, noto;A.

» Features caused lwy=~ 1 and higher order few-cycle effects cer-
tainly exist, but as yet | can’t easily characterise them.
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Logical Few-Cycle Solitons

B Coupled Solitons:we send two equal frequency, but differing polarization
solitons down a birefringent fibre. Their differing propagation velocities mean that
at some point the two cross over and interact. The interaction causes the solitons to
undergo opposite frequency shifts.

» Logic: we can use one of the pulses as a control pulse. By applying a spectral
filter that looks for a shifted pulse; we can see if both pulses were present, or if
only one was (see expAhn et. al. 1995.

Timing

~@— Propagation

—0 —0 —0 =1

» NB: I've swapped the spectral filter with a timing one to make a simpler diagram.
A change in soliton velocity (& so timing) is linked to a shift in frequency.
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Logical Few-Cycle Solitonscont)

B Here | show the “1p 1 — 1" case, as the others are unremarkable. The simu-
laions are for 3 cycle solitons with = 1.

» Left: pulse A,» » Centre:pulse B,» » » Right: pulse A, GFEA-SVEA.

time t time t
10 -10 0 10 -10 0 10

ol
ol

a a o[

» 7] n O

-~ -~ -+~ -

o | i Q | i o N J
3 3 3

O - b 0 - - 0 - b
oD L J [¢] L o [ ] L J
N 4 ~B 4 ~B -

» The right hand difference graph shows how few-cycle effects alter the soliton
propagation and interaction — solid contours are where the GFEA pulse is bigger
than the SVEA, dashed contours the opposite.

» Few-Cycle: Of course few-cycle effects alter the interaction. But its character
remains unaltered, and logic gate operation is largely unaffected — even at 2 cycles!.
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ParametricFew-Cycle Solitons

B See e.gWerner & Drummond 1993

Ocb 120 Py~ 2Bor) + 572 0R = ©
aE(P+l239r([32cp)a$(P = Jg’, (7)

@(z,t) = @ sech (k1) exp(16,8);  W(zt) = WosecH(kT)exp(16y€). (8)

<« (L) 3 cycle (0 = 1) GFEA example; (R) velocity shifts»
F T T |
I g3l -
%‘\\W N ®
§§§\§\\§\M N\ %: > I
e |
1 | 1 | 1 | 1
0 2 4 6 8

bandwidth multiple A
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OverlappingFew-Cycle Solitons:(short Pulses, Wide Spectra)

B Two solitons, aty; andwy,: the nonlinear polarization is
P=xE3=X(E1+E)° =X (A " + A" cc)®  (9)

» We need to be aware of no-longer “off-resonant” polarization
terms — and assign them to a suitable field component.

» Can we still maintain envelope smoothness with a single carrier
component? (e.g. wide, double peaked spectra)

» Field envelope spectra can be so wide that they overlap.

» Pulse energy depends additionally on envelope gradient.

B The optical parametric oscillator (OPO) nicely shows a typlcal
multi-carrier few-cycle situation: A 2w T T
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Overlappingll: (collisions & double envelopes)

B So: simulate a soliton collision with both in a single envelope, with
opposite detuninggndsimulate them with to coupled envelopes that
have detuned carriers.

» Simulations: (a) single envelope (b) two envelope, recombined.

(&) — (b) —

B The two simulations should give the same answer to within the
numerical accuracy.
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Conclusions

» Theory: | derived a generalised few-cycle approximation
(GFEA) for pulse propagation.

» Theory: few-cycle pulses get a “phase-twist” during propagation.

% NLS Solitons: the first order few-cycle corrections dominate and
Induce a velocity shift

% NLS Solitons: Even if colliding or interacting, the gross effects
are still dominated by the “first-order” few-cycle velocity shift.

% NLS Logic: Few-cycle effects do make a difference — but the
logic gate still can operate.

% Parametric Solitons: again a velocity shift, but the first order
few-cycle corrections are secondary to higher order effects.

» Next: ...

Title; Motivation; 'Solitong Theory: (envelopederive propagatgapproxlend; Notes Solitons: (Few-Cycle Faster
Colliding; Logic-1; Logic-2 Parametri}; Spectral: (Overlap Solitong; Conclude Appx: (Links, s-OPQ's-NPL);



BECQI 2003:NLS Solitons and the Few-Cycle Regime Paul Kinsler & Geoff New
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Detailed Calculationhttp://arXiv.org/physics/0212014
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Scaled Optical Parametric Oscillator

Pump Delay Dispersion

10nJ

Pump Energy

Crystal Length Pulse Widths

48fs

10241m

/

Y

.

100 150

50

i

\\\\\\\\\\\\

pulse length (fs)

Pump

Signal

|dler

Title; Motivation; 'Solitong Theory: (envelopederive propagatgapproxlend; Notes Solitons: (Few-Cycle Faster
Colliding; Logic-1; Logic-2 Parametri}; Spectral: (Overlap Solitong; Conclude Appx: (Links, s-OPQ's-NPL);



Paul Kinsler & Geoff New

BECQI 2003:NLS Solitons and the Few-Cycle Regime

>
—
—

Pump
Si?nal -0
Idler

EA x50

0

|dealised OP De-amplification

s, peak >V
e Output signal intensities faps = 11/2 and@, = @ = 0. PeakGFEA intensity at

48fs is a factor ofv 32 larger than that of th&VEA model.

Title; Motivation; 'Solitong Theory: (envelopederive propagatgapproxlend; Notes Solitons: (Few-Cycle Faster
Colliding; Logic-1; Logic-2 Parametri}; Spectral: (Overlap Solitong; Conclude Appx: (Links, s-OPQ's-NPL);



