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Moti vation

¢ Few cycle pulsescanbeinterestingn their own right.

¢ Few cycle pulsesarebeinggeneratedn thelaboratory
— “F ive-optical-cyclepulsegenention..” Beddard,
etal, Opt.Lett25, 1052(2000).

% Solving pulse propa@tion using Maxwell's equa-
tionsis “easy” (e.g. FDTD), but envelope—basedp-
proachesrefasterandcanbe moreintuitive.

% Brabec& Krausz[PRL 78, 3282(1997)] dervedan
envelopeSEWA eqn extendingthe commonlyused
SVEA eqgninto afew cycle regime.

% Porras[PRA 60, 5069(1999)] derved a slightly dif-
ferentSEWA egnto bettertreattrans\erseeffects.

Summary

» Describetheoryapplicableto any nonlinearity
» Apply thetheoryto variousy(® processes.

» Scalingrules:vital to ensurgew-cycle effectsarenot
obscured.
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Theory (1)

B 3D wave equation,smalltransersevariation, plane
polarlzedllght dis fersiorbyexpandingk aboutwy, with
k(w)? = €(w)w?/c?; zdirectionpropagtion,d, = 0/0a:

(32+ 02 ) E(F,t) — C_; / dt'e(t —t)E(F,t)) = C—’;afpm(r,t)

M Field < Envelope x Carrier
Splitthedescription®f thefield E (andpolarizationP,)

iInto anernvelopeA (andB), andacarrier:
E(,t) = A(F,,zt)ePoz-t+do) 4 ¢ ¢,
Pu(P,t) = B(F,,zt)eBoz—wot+do) 4 ¢ ¢
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» Pulseenvelopegendto belessusefulin thefew cycle
casepecausehey arelesslikely to besmooth(w.r.t. wy).

» A givenerveloperepresentsnary differentfield pro-
files, sincetherearemary possiblecarrierphases.

Title; Motivation; Theory: envelope,equationapprox,Notes;ldeals;SHG; Scaling;DP:amp,
deampNP: amp,deampOPO: Notes diag&|A|?, SuperScE(t),E(w), A@pp; Conclude.



Photon2002: Few-CyclePulsesn an OPO PaulKinsler & Geof New

Theory (Il)

B Derive an envelopepropagationequation...

[1 Split the descriptioninto A and A* pieces,and solve
one.

(1 Co-moving variablest = wy (t — B12), & = Boz; define

dimensionlesso = wof1/Bo = (wo/Bo)/(1/B1) =
Vi /Vg; anduseng = cf3p/ u.

[ Dispersionparameterg, = 0gk(w)|,, = Bn+10n.

(Bo/wo) D’ = |1011(107) + i V”Cr*:?l(uar)”] .
B Our exactpropagationequation...
0:A(E,T) = <—%+ |[3’) A&, 1)+ (|1/+(2.§§>T) 02 A&, 1)
2
Zr:%n((lll—L |Ig:9)r) BETA) + 13?0{

» WhenTgruys = 0, thisis the generalisedew-cycle ap-
proximation(GFEA) equation.

» Any backward propa@ting partsappearas a rapid
modulationof the envelope;but would be approximated
away whenenforcing“smooth” ervelopes.
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Theory (llI)
B Approximations...
I I [/ Op 2
2 ~N/ ~
Trus = _§aE+é (E—ID) A&, 1) = 0.

—

Slow Evolution: 07 < 1 if [0:A(8,Q)| < |AE,Q),

: : : QM. ~
Weak Dispersion: 0; < 1 if ‘u%vrr'%l A(E,Q)‘ < |AE,Q)|,
(ol RH
Small Diffraction: 0% if (14 0Q)Bawg>> 1,
n3 (1+GQ B(E, ;A
21'[(1_|_Q |AE Q) ‘ '

Weak Nonlinearity: B if

B In order of increasingaccuracy:

[1 SVEA: Slowly-\arying ErwelopeApploximation
(1+10;)°/(14100;)B— B SVEA

[1 SEWA: Slowly-Evolvinghave Approximation
— seeBrabec& Krausz,andalsoPorras.

1I(1—0)0
(1+10y) 1+(§—|—|00) );]B >»(1+10,)B SEWA
T
2
((111_:25))8 »(1+1[2—0]+0;)B SEEA
T

[1 GFEA: GenenlisedFew-cycleEnvelopeAppiox.
— This is our new approximation; & includes all time-
dependentorrectiongo the nonlinearpolarization.Aka “Gen-
eralisedrinite EnvelopeApprox” — FPEA- Finite PulseEn-
velopeApproximation
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Notes(not for display)

| have...

e ... deried exact envelope equationsgoverning the propagtion
andnonlinearnteractionof shortpulses.

e ... donethis without the usualSVEA derivationwith its deathby
creepingapproximation

This shows...

e ... the extra “few cycle” effect is a derivative dependenphase
adjustmento the nonlinearity which will affect the phaseof
theevolving fields.

| now ...

e apply the equationsto secondharmonicgeneration(SHG), de-
generateand non-degenerateoptical parametricamplification
(DPA, NPA), andsynchronously-pumpeabticalparametrims-
cillators (OPOs).

e comparehesolutionsin severaldifferentapproximationsinclud-
ing the (leastaccurateslowly-varying envelopeapproximation
(SVEA) andthebestGFEA.

e studyfew-cycle effects,by comparingenvelopeandphaseprofiles
for arangeof differentprocesseandparametewalues.

¢ (intheOPO)calculateheabsolutgphasechangebetweersucces-
sive roundtrips, animportantdiagnosticof few-cycle effects.

Title; Motivation; Theory: envelope,equationapprox,Notes;ldeals;SHG; Scaling;DP:amp,
deampNP: amp,deampOPO: Notes diag&|A|?, SuperScE(t),E(w), A@pp; Conclude.



Photon2002: Few-CyclePulsesn an OPO PaulKinsler & Geof New

Kerr Medium x®

Brabec& Krausztestedtheir theory by testing its predictions
acainst a full Maxwell Equationssimulation, and got excellent
agreemenbothwith andwithout addeddispersion.

SVEA graph,SEWA graph,GFEA graph.
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Ideal x(® Notes(not for display)

B Few cycle effectsunclutteredy dispersion-simulationsonideal
x@ crystalasa preludeto thefull OPOsimulations.

B Strongnonlinearity& conversion:depletionandrepopulation.

B SHG(seconcharmonic):
» aninput fundamentabeamis corvertedinto a secondnhar
monic (i.e. frequeng doubled)beam;p eff. corversioneats
a deepholein the centreof the fundamentalpulse;» for short
pulsesfield phasegettwistedandsotheconversionis reduced.

B DPA andNPA (amplification):
» conversionfrom aninput pumpbeamamplifiesaninput sig-
nal/idlerbeam;p» eff. corversion— signalcentregetsdepleted,;
» for shortpulsesfield phasegettwistedandsothecorversion
from (andthere-corversionto) the pumpis reduced.

B DPD andNPD (de-amplification):
» cornversionto an input pump beamde-amplifiesan input
signal/idlerbeam; » eff. corversion— SVEA model nearly
reacheghe asymptoticstateof perfectde-amplification;» for
shortpulsesfield phasdwisting destrgsthe phaseelationship
neededor perfectde-amplification& amplificationcanoccur;
» theresidualSVEA signalalsoin the GFEA (uselog scale);

W Scaling(l) » matchedt and |A|* scalesso that SVEA simula-
tionsnovariation.» The(unmarled)scaledor thefundamental
or pump |A|2’s arelargerthanfor the secondharmonic/signal/
idler modes.

B Scaling(ll) thesystenparametersvith pulselengthto isolatefew
cycle effects— seelaterin the SystemScalingsection.
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SecondHarmonic Generation

Ideal dispeisionlesscrystal— for examplepurposesonly.
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Scaledundamenta(left) andharmonic(right) pulseen/elopqu|2.

72,96fs. SVEA resultsare

7481

12,18,24,36

Pulselengthsare6, 9

likethe 96fsresult. SeeNotes.

I Second Harmonic

: Fundamental

Phaseprofiles for the pulseenvelopesfor an 18fs pulseduration,

with ascaledt. GFEA (

), SVEA (——-).

» What's oddaboutwith thesegraphs?Much scaling!
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SystemScaling

If the crystallengthwerefixed, asin atypical experi-
ment,therewould be significantdifferencesetweerthe
resultsof simulationsfor differentpulsedurationsgven
for thesamemodel(e.g.SVEA). Thiswould malke asys-
tematicinvestigation of finite pulselength(“few-cycle™)
effectsimpossible.

We thereforescalethe crystallengthandsignaldelay
In direct proportionto the pulselength, and the pump
enegy in inverseproportion,i.e.

CrystalLength  Pulsewidth 10nJ _ PumpDelay
100(um  48fs  PumpPulseEnegy ~  96fs

This scalingmeansthat a pulseof half the width has
doublethe peakamplitude. The consequenincreasdan
power counteractghe reductionin “few-cycle” effects
resultingfrom the shortercrystal.

Thescalingremaoresthe grosseffectsof changingthe
pulse duration, so that thoseeffectswhich remainare
dependenbn the choice of model. We expectto seein-
creasedfew-cycleeffectsfor shorter pulseswhenusing
the GFEA.

Note: We canget true pulse-lengthinvariant propaggtion under
the SVEA by alsoscalingthe crystaldispersion:superscaling”.
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DegenerateParametric Amplification

Ideal dispeisionlesscrystal— for examplepurposesonly.

48, 72, 96fs.

SVEA resultsarelik e the 96fsresult. SeeNotes.

, 36

Scaledpulseenvelopes/Al” (left — signal,right — pump),

for pulselengthsof 6, 9, 12, 18, 24
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Phaseprofilesfor envelopesfor an 18fs pulseduration,

), SVEA (——-). TheSVEA
profilesarenotflat because¢he systemis phasesensitve

with ascaledr. GFEA (
w.r.t. theinitial conditions.

» What's oddaboutwith thesegraphs?Much scaling!
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Degen.Parametric De-amplification

Ideal dispeisionlesscrystal— for examplepurposesonly.
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SVEA ma><|A|2 ~ 400; GFEA ma><|A|2 ~ 400,000.
o Outputsignalpulse|A|2 for @s=1/4 and@, = O:
o At 48fs,the peakGFEA intensityis a factorof ~ 32 largerthan
thatof the SVEA model.

S
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e

Ny

SVEA GFEA
Output signal pulse enegies (ZEsigna = [ |Asigna||2dT, arbitrary
units) for a range of initial signal (ervelope) phases s
and pulse lengths Z,yuse ‘7 and E on log scales. @ ¢
{0.250,0.251,0.252 0.253 0.254,0.256,0.258 0.260,0275030Q ...}

Title; Motivation; Theory: envelope,equationapprox,Notes;ldeals;SHG; Scaling;DP:amp,
deampNP: amp,deampOPO: Notes diag&|A|?, SuperScE(t),E(w), A@pp; Conclude.



PaulKinsler & Geof New

Photon2002: Few-CyclePulsesn an OPO

Parametric Amplification

|deal dispeisionlesscrystal— for examplepurposesonly.
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Scaledpulse en/elopes(|A|2, left) and phaseprofiles (right), for

pulselengthsof 6 — 96fs. The SVEA ervelopesare very similar

to the 96fs GFEA envelopes.SeeNotes.
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Parametric De-amplification

Ideal dispeisionlesscrystal— for examplepurposesonly.
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SVEA maxXA|®~ 400; GFEAmaxA|*~ 600,000.
e Outputsignalintensitiesfor @¢s = 11/2 and@, = ¢ = 0:
e At 48fs, the peakGFEA intensityis a factorof ~ 32
largerthanthatof the SVEA model.

Outputsignalpulseenegies(Esigna= [ |Asignal° dT, arbi-
trary units)for arangeof initial signal(ervelope)phases
@s and pulse lengths 7,,se 7 and £ on log scales.
@ € {0.500,0.510,0.520,0.530,0.540,0.560,0.580,0.600, ...}
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OPO Notes(not for display)

B OPOdiagram: injected pump interactswith signal, eneratingan idler. The
pumpandidler exit the cavity, but the signalis reflectedfor the next round
trip.

B OPO:>> 0.840Qum <« 357THz;>> 1.165Qum < 258THz;>> 3.011um <«
99THz.

B LiNOg3: Sellmeieregn.,Jundt,Opt. Lett. 22, 1553(1997), hence:» different
groupvelocities:>> pumpis slower, sopumpinputtime is aheadof signal;
>> pumpcatchessignalup abouthalfway down the crystal;>> pump-signal
overlapgenerategdler

B Use(to startwith) SystemScalingrulesto clarify “few cycle” effects— hence
“scaledOPO”.

B Envelopes:» differencesn pulseshape$rom 6fs — 36fs,butnocleartrend
» differencedetweerSVEA & GFEA, but nocleartrend » 48fsunstable.

B No Clear Trend? Effects of few cycle termsare too small or too subtleto
shav through—the OPO constantlyregyclesthe signalpulse,soit is avery
comple system.Dispersiomotscaledso SVEA notpulse-lengthnvariant.

[0 SuperScaledOPO:herel alsoscalethe dispersionsothe SVEA simulations
arepulse-lengtlscaleinvariant. The GFEAresultsundego atransitionfrom
onepulseprofile betweer36fs — 48fs,andthencornvergeto the SVEA.

[0 Cyles:at6fs,theidleris clearlyin thefew cycle regime— alsoat 9fs, 12fs.

[0 Spectra:get broaderin inverseproportionto the pump pulsewidth — as ex-
pected- 6fs, 12fs, 48fs. At 6fs the sspectranearlyoverlap— breakdaevn of
independent-fieldssumptions.

B Phasadrift: » Differencen sizeandcharacteof phasalrift betweerSVEA &
GFEA» Lower graphs-fixedlengthcrystal- showv the differencein phase
drift (Agpp) effectis mostimportantfor betterphasematchedsystems.
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ScaledOptical Parametric Oscillator

S —_
— 840nm
= 3011nm ¢
LiNbO, 1160nm |
= + - Z

361s

—200 O 200
time t (fs)

Scaledoulseenvelopes A
¢ In eachframe,lowerto upper:pump,signal,idler.
e GFEA(——) andSVEA (——-).

e Notevariationin SVEA andGFEA profiles.

2 for 6fs— 36fs. SeeNotes.
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ScaledGFEA pulseenvelopesfor 6fs
scaledparameters. Note the transition at

SVEA ervelopesarevery similarto the 192fsGFEA.
Bottom: SVEA — GFEA difference.
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Left—Right: idler, signal

Convergenceof GFEAandSVEA simulationdor longer
pulse lengths: maximum difference over the middle
quarterof thescaledr range onalog,, scale.SeeNotes.
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0

ScaledOPO: cyclesand spectra
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1dler |

LEFT: E(t): topto bottom,6, 9, 12fs;chosercarriers.
RIGHT: E(w) top to bottom, field spectrag, 12, 36fs.

¢ In eachframe,lowerto upper:pump,signal,idler.

e GFEA (—) andSVEA (——-).

SeeNotes.
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ScaledOPO: phasedrifts

At steadystate, after each passof the oscillator the
|A|® for eachfield arethe same.However, the phaseof
the signalandidler envelopeshave advancedby a fixed
amount.

9 20 40
oulse length (fs)

Phasadlrifts for arangeof pulselengthsandperfectphase
matching,GFEA (—), SEVWA (———), andSVEA (——

—). The differencesaretaken betweenthe phaseat the

peakof the modulus-squaredf the signalenvelopesbe-

tweenpasseshroughthecrystal.

Ap /T
—-0.05 0 0.05
T

mismatch Ak = 0.000

0

50
pulse length (fs)

100

Ap /T

—-0.2 -0.1

0

\ mismatch Ak = 0.0030 1

N B
50
pulse length (fs)

100

Ap /T
—-0.4 -0.2 O

N mismatch Ak = 0.0060

L1
50
pulse length (fs)

100
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Conclusions

» Theory: interactiondynamicsareindependentf the
optical carrierphasegvenfor theshortespulses.

» Theory: few-cycle effectsaddanextraphasawistto
thenonlinearity

» Scaling: vital for seeingfew-cycle trends— which
would otherwisebe swampedby otherphenomena.

% Ideal x\?: ervelopeandphasechangesiueto thefi-
nite pulselengths(“few-cycle effects”) becomein-
creasinglysignificantfor shortemulses.

% Ideal x?: Remarkabledifferencescan be seenfor
“de-amplification” of signal pulsesin when finite
pulselengths(“few-cycle effects”) areincluded.

¢ OPO: (multi-pass)this situationis more comple,
andit is hardto discernsystematidrendsin |A]* due
to few-cycle effects...

¢ OPO: ... however, a cleartrendcan be seenin the
pass-to-passhangedn the ervelopephase- these
phasedrifts are more significant the better phase-
matchedhe systemis.

» Next: Cavity synchronisation.. Trans\erseeffects...
Look for finite pulselengtheffectsin anon-fav-cycle
regimein realisticsystems.
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