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The fewcyde pulses of midnfrared (midIR, wavelength 200 microns) have attracted increasing
attention owing to their great potentials for high order harmonic generationrasolved spectroscopy,
precision of cutting and biomedical science.

In this thesismid-IR frequency conversion by the ulfast soliton was proposed, which exploit optical
solitons in neaiR for generating the mitR pulses.

Firstly, we show numerically that ultrashort sdiéfocusing temporal solitons colliding with a weak
pulsed proben the nealR can cowert the probe to the mitR. A nearperfect conversion efficiency is
possible for a high effective soliton order. The A@arselfdefocusing soliton can form in a quadratic
nonlinear crystal (betbarium borate) in the normal dispen regime due to cascaded (phasematched)
seconéharmonic generation, and the nilRl converted wave is formed in the anomalous dispersion regime
betweena i P DV D UHVRQDQW GLVSHUVLY Hdeégenéthte fodnave SURFH
mixing mediated by an effective negative crpbmise modulation term caused by cascaded sqiitame
sumfrequency generation.

Secondly,a selfpumped solitordriven tunable mid,5 RSWLFDO SDUDPHWULF BPSOL¢H
the first timein a standat periodically poled lithium niobate (PPLN) bulk crystbhe newtype ofresonant
radiation is generateithrough athree wave mixing (TWMprocessThe poling pitch gives a parametrically
tunable resonant radiatidrom &8=4.2 - P ZLWK RQ 0 puRfwhvelehttha feature absent in
Kerr media.

Finally, we experimentally observe supercontinuum generation spanning 1.5 octaves, generated in a 10
mm long siliconrich nitride waveguide pumped by 100 pJ femtoseqauides from an erbium fiber laser.

The waveguide has a large nonlinear Kerr coefficient and two zero dispersion wavelengths giving broadband
anomalous dispersion centered around the pump wavelength. This is achieved by slightly increasing the
silicon content over stoichiometric silicon nitei and waveguide geometry engineering. The spectral
broadening relies on exciting a soliton and two dispersive waves. In the same waveguide using orthogonal
pump polarization, optical wadereaking occurs as the pump dispersion becomes normal. The ndmerica

simulations indicate that the supercontinua are highly coherent.
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Through numerical simulations and experiments, we find out soliton based on generating lfRasad

compact and simple approach, and could have great potentials.
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Resimé



Impulser med varighed af f& optiske cyklusser med bglgeleengder i det melleminfrargde (MIR,
balgeleengde -20 mikrometer) har faet stigende opmaerksomhed pa grund af deres store potentiale til hgj
harmonisk generering, tidsoplggiektroskopi, og biomedicinsk videnskab.

| denne afhandling blev en ny teknik til MIR frekvenskonvertering af en-kittrasoliton foreslaet, der
udnytter optiske solitoner i naiR til generering af MIR impulser.

For det fgrste viser vi numerisk at natrakorte selwdefokuserende tidslige solitoner kolliderer med en
svag pulseret probeimpuls i nd&, kan dette konvertere proben til MIR. En naesten perfekt virkningsgrad er
muligt for en hgjere ordens effektiv solitontal. Den +iBerselvdefokuserende sadin kan dannes i en
kvadratisk ikkelineser krystal (betbariumborat) i det normale dispersionsomrade via kaskade- (fase
mismatched) andehmarmonisk generering, og den MIR konverterede bglge dannes i det anormale
dispersionsomrade mellem 224 mikrometersom en resonant dispersiv bglge. Denne proces bygger pa
ikke-degenereret firbglge blanding medieret af en effektiv negativ kefasemodulation som er forarsaget
af kaskade solitoprobe surdfrekvens generering.

For det andet, bliver en sgbumpet solibn-drevet tunbar MIR optisk parametrisk forsteerker demonstreret
for fgrste gang i en standard periodisk polet lithium niobat (PPLN) krystal. Denne nye type resonant straling
frembringes gennem en tre bglge blanding proces. Afstanden mellem polingdomgiresraa parametrisk
tunbar resonant straling fra 4,5.5 mikrometer med kun én enkelt pumpe bglgelaengde, en funktion som
ikke kan genskabes i Kerr ikkmeaere medier.

Endelig har vi eksperimentelt observeret superkontinuum generering der spsender5ovétaver,
genereret i en 10 mm lang siliciung nitrid bglgeleder pumpet af 100 pJ femtosekund impulser fra en
erbium fiberlaser. Bglgelederen har en stor ulineaer Kerr koefficient og tdism@rsions balgeleengder,
hvilket giver bredbandet anormal dé&pion centreret omkring pumpens bglgeleengde. Dette opnas ved at
bruge en smule starre silicium indhold i forhold til stgkiometrisk siliciumnitrid og ved hjeelp af en passende
konstrueret bglgeledergeometri. Den spektrale udvidelse er afhaengig af ekstgettoa og to dispersive
balger. | samme bglgeleder ved anvendelse ortogonal polarisering af pumpen, observerede vi optisk bglge
brydning som forekommer fordi pumpens dispersion bliver normal. De numeriske simulationer viser, at de

dannede superkontinga meget koheerente.



Gennem numeriske simuleringer og eksperimenter har vi vist, at sbésmret generering af MIR

bredbandet straling er en kompakt og enkel metode som har et stort potentiale.
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Chapter 1

QWURGXFWLRQ



1.1 Project Background

Over the past decade, ultrashort pulseve become an indispensahtel in thephysics medical
telecommunication sectgmsme-resolved spectroscopy in chemistry, biolpgaterials sciencand
defense securityln particular ultrasiort pulses in themid-infrared (mid-IR, wavelength 210
microns)have great potential for probing and manipulating atomic and molecular dynarhick
provide a powerful tool for imaging molecular structbrgedetectingthe chemical bonds, such as
the important CH,O-H and NH bonds.For the industrial applicationsjid-infraredlaserdominate

in materialsprocessingprecision of cuttingand medical treatment applicatidds.

T T T T T T T T T
CH, sozi & aromatics
‘ CH, ™ @ " -
® NH, SF |
$0, co . ™ - 3 6 aromatics -
. glucose A
L " NO ‘NOz H,S  acetone é w i
$0, aethanol
5 @ s s ) & Y] . A ethyiene @
HO €O H,0 2301 co
@ e Lk b \ 7 | | \ 2
3 4 5 6 7 8 9 10 11 12 13 14

wavelength (um)
Fig 1 Molecular resonargsin the midIR spectral regiofg]

Much effort has been invested in developing 4titdsources in the past few years. With the
development of novel mitR materialsand technologythe availability oimid-IR light sources
have been the dramatic increasing and improvement recently. The commonly used methods for
generating ultrashort mitR radiation are based on nonlinear optical parametric processes
includingdifference frequency generation (DF{S], optical parametric amplification (OPA)1],
and optical parametric oscillators (OP{13] and quantum cascade lasers (Q(14]. These
technologiexan span much of the mI& spectral region using tunable or broadband pump sources.

Such devices pumped by scebthte laser systems operating in the fiefaared require citical



phasematchng condition, synchronized pump wavelengtlos low conversion efficiencie$7],
whichresults in a need to find a naklernative solutiorior generatingnid-IR.

The motivation behind the new project is todge thenearIR ultrafast laser technologgnd the
demand of ultrashort pulses in the iRl One possible method relies on ultast frequency

conversiorby the solitonwhich potentially can generate mifrared pulses

1.2 Project Description

The tenporal soliton is a fascinating and ubiquitous property of nonlinear waves which can
maintain their temporal shape by balance between the effedispefsiorandnonlinearity.
Solitons have been found to play the major role for supercontinuum genel@@&) (n photonic
crystal fiber (PCF) since 200q15]. When pumping@ PCF in theregionof anomalous
dispersiorleads to the broadespectrum broadening, whicldetermined by solitonelated
dynamics, especiallgispersionwave (DW) generatdn [16].The spectralof DW location is a result

of a phasematching condition to the solitdd9]. The SCG is achieved through complexqasses

in the PCF including selbhase modulation (SPM) effect, dispersive radiation emitted by soliton,
four wave mixing (FWM), and Raman nonlinearity efdthough SC sources operating in the
visible and neamfrared (NIR) spectral regions halkeen gratdevelopedand commercializef20],

it is still achallenging to achievihe SC generation in the miliR regions.The commonusedfiber

is the silica PCFbecause its dispersicand zeredispersion wavelengttZDW) can be tailored.
However, the transmission window is determined by the multi phonon absorption, the maximum
phonon energy of silica glass limits the emission wavelength up5iom [22]. The softglass
including fluoride, tellurite, and chalcogenide fibess a platform highly suitable for mitR
generation, exhibit high Kerr nonlinearities and excellent transmission properties in tHe [244].
However, he maerial ZDW of e.g. AsSeg is 7.4 um. It is challenging tashift down the ZDW that

operating wavelengths of common ultrafast pulsed lasers.



Onepossible method is to exploit ultrasheeif-defocusing nonlinearitgolitons generateih the
guadratic crystal[32]. When the SHG is phase mismatched, the energy conversion between the
fundamental wave (FW) and the second harmonic (SH) will become weak and periodically repeated.
In this process, FW can be given riseato intensityrelated nonlinear phase shift, like the cubic
Kerr nonlinearity. Therefore, such energy and phase shifts can also be used to dynamically
counteract the spreading caudeyl nonlinearity and dispersioriprming a temporal quadratic
solitons. Tle compressed temporal solitons have been experimentally demonstrated in the barium
borate (BBO)35] and lithium niobate (LN)37].Spectrally soliton dominate in thefrared, where
the group velocity dispersion (GVD) is typically normal. The longer part of SC in thénfréded
range most often spans through the range of anomalous GVD and is associatad wiithshort
DW, which has beerexperimentallyobserved inthe crystal lithium thioindate (LIS)38], LN
crystal[40], BBO crystal[41] and waveguidepi2].

Another possible method is to emplaljcon nitride which transparency window covers from the
UV to > 6 um The nonlinear coefficient in bulk is ten times larger than silica glss material
does not display twphoton absorptionin the telecommunications wavelength band and
waveguides cabe engineered with very low propagation los$ésre importantly the waveguide
have also the ability to tailor the dispersion in a wide ran&eich features indicate that silicon
nitride is a god candidate materi&r mid-IR [43].

Therefore, based on abodescriptionswe proposd W KH S Bé&bsdedid fexgycle mid
infrared laser pulsésWhat wasout lookedin this projectis the fact that interaction gblitons with
DW, in this process associatettlUHTXHQF\ FRQYHUVLRQ cisnid Bried HoxastiekMly F D Q
important for midiR. The idea is toexplore thesoliton interaction with dispersive wave from

PCFto a quadraticrystaland CMOScompatible waveguidéur primary aims here are to explain



the frequency conversion effects resulting from the sclitalation interaction and leading CG,

which will bring thenew insights intaonlinear optics

1.3 Achievements and Milestones
The achievements and milestones of this project are listed@asdgol

f '"H QXPHULFDOO\ IRU WKH ¢UVW WLPH GHPRQW&ddiWwWgH G L Q
nearlR soliton colliding with a weak nedR probe induces a cascaded SFG nonlinearity
generating a seldefocusing Kerlike cross phase modulatiagarm. This allows a resonant midR
wave to become phase matched. A complete pred@nant wave conversion is possible when
colliding with a higherorder soliton.

f 'H GHYHORSHG FRXSOH DQDO\WLF zZdydonfitriied Bhddwkn@y & $: (
IR radigion a standard periodically poled lithium niobate (PPLN) bulk crydtaé soliton drives
resonant radiation in the mi®, through a threavave mixing processvith a large degree of
tunability in the wavelength.

¥ :H LQYHVWLJD &dispesiorndgrgered silicomich nitride waveguide by pumping
with low-energy pulses (8040 pJ )from an erbium fiber oscillator. In theansverseslectric (TE)
polarization case a soliton and two dispersive waves were excited to give a 1.53Ctdr@m
800-2250 nm at30 dB).
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2.1 Introduction
In this chapter we will derive the numerical models describing the propagation of ultrashort laser

pulses. We will refer to three main models: nonlm&ave equations in frequency domain (NWEF),

nonlinear envelope equation (NEE) and coupled wave equations (CWES) for field propagation.

2.2 Maxwell equations
Starting from Maxwell equations in a nonmagnetic dielectric medijm

. YVa
IH E— L
Y

I H Eib L
Y

I®Lr

i®L O (2.1)
whereD is the displacement filed, J the total current density and H is the magnetizing field at the
positions and time ¥, z, t). For the electric displacement field we have the relation

OLB Ep (2.2)
where B, is the vacuum permittivit{? is the polarization density .

It is useful to write this decompition in the frequency domainWith the Fourier

transform & X; L i?ﬂﬂ .= %"t the nalinear polarization in frequency domain is:
a:08X; L BV%:X;a:08X; E & p: 08X (2.3)
where V> : X:is the linear electric susceptibilitfhe electric disircement is rewritten as:
aL Be%:X;aE &p (24)
where «:X; L :s E V> :X;;° ®is the frequencylependent refractive index of the medium.
Applying the operatoi Hki HaoL ki &oF %ato Eq. (2.1) and combining its temporal
Fouriercounterpart with Eq. (2.2) and Eq. (2.4), we can obtain:

[6AE«6:X;AL FI,X&p (2.5)
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where «:X; L Xe:X; .is the wavevector at the frequegcX

In the time domain:

(2.6)

2.3 Nonlinear wave equations in frequency domain (NWEFs)
Let us considethe quadraticand cubic polarizationwhenthe ultrashort pulse propagation in the

nonlinear medium. The second nonlinear polarization occur only in @em@nosymmetric crystal
can arise from & nonlinearity[2]. The component of secombnlinear polarization depends
guadraticallyon the electric field of an incident light:

4567 .y - X 6

A’ X, LBA AR, >a A (2.7)
wherei,m,n =o or e, \4!,36K 4 s the effectve seconebrder nonlinear susceptibility.

The thirdorder nonlinear polarizatioran be written as:
A LBA Lo @y SFV20. BV S L LB @9)

where @’ ,

4 is the effective thirebrder nonlinear susceptibility\,indicates the relative fraction

of the material Raman effectBhus, the Eq. (b) can be expanded to two equations corresponding
to the ordhary and extraordinary waves in frequency domaith the slowly varying spectral

amplitude approximation (SVSAA}]:

a:(eE(’m:X;LF% A, Wy ¢ gEAg. . :W5. . sFyico o, 0EV®
>?SHE, X ¢ o8 2E (2-9)

af Sy © n Y6 A VI . ~ ~

TXLE«C'X’LFW D\k_é_.\éé_‘_ C‘_ ‘_égEAca_‘_x/.‘éé_n.x/.SF V2 C‘_ *.é‘/égEv®
>?SE, X ¢ g8 2E (2-10)

where §,:X; is the Raman response function in the frequency domain, the NSYBFovides a

power tool for modelling the ultrashort gel propagation in the nonlinear mediuautomatically
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including all types of nonlinear interactions and the anisotropy of the nonlinearities.
2.4The analytic Signal
‘H FRQVLGHU QRZ UHE®R,,™D thd @dilihdatgorrizatib@\gz,t) propagting in the
nonlinear medium:
ods Lcioasfd R IE Agta (2-11)
rRPGS Lcrias 9. PP IE Agt, (2-12)
where z is the pr@mation directiont is the time variable an&,is a reference frequency. The

Fourier transform of the analytic signal which is a complex function is denoted by:

5 .>1

© L? g s FSIFX=sT~ (2-13)
5.>1 Chet & :
R D L?I?ﬂ RP.CH—,iS.F(X—,T— (2'14)
7KH DQDO\WLF VLJQDO FDQ DOVR EH GH,QHG DOWHUQDWLYH
Bods L &5 E<>:0857 (2-15)

where the Hilbert transformof the HOHF W Ud P> ;0 OLG 6 ‘|,_)>ﬂﬂ T :oal; :—F - 4he

symbol 6 ‘|_:ﬂﬂ <o T <... fhatithe integral must be taken in the sense of thenygurancipal value.
Due to the electric field E(z, t) is real, its Fourier transform has Hermitian symmetry, since only the
positive (or negative) frequency part of the spectrum carries information. With these definitions, the
Fourier tansform of the aaytic signal: ¢ L g E :r3?©;0? t.The analytic signal satisfies the
following requirements:

Bopa L t o

Bo@s L T,

B4 LT (2-16)

Finically, wecan define the complex electric field envelope as:
1085 L Bioas 179 0% (2-17)

2.5Nonlinear Analytical Envelope Equation(NAEE)
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The unidirectional pulse propagation equation (UPFEPQ EH GHULYH IURP OD[ZHO
with the SVSAA, which only accounts for the forward propaggtpart of the electric fieldut uses

the full oscillating eletric field:

; oE

6al®©; RR® Lr (2-18)

where ¢ : X;the full propagation is constant of the medium, c is the speed of light in vaeuxm,
is the linear refractive index.
We now irtroduce the complexwelopes Aand their Fourier transforms,
0 08X F X, Lc:0&19 XE . Agta (2-19)
Rap 08X F X4; L c 1085 F9.XE .Agt, (2-20)
Substituting envelope@-19), (2-20) into equations (28), we can obtain theonlinear analytical

envelope equatiofNEE) by using cemoving frame

ERE R LFe—— sFEo 1 iaR (2-21)

az : ©, 2o

aC
wheret o't e ” f—% L Al @ kseb e I F » *5: X4, is reference group velocity at

apc M
fi,The comoving frame isLL GRL —F *5:X,;0e
In order to obtain the NEE for the analytic signal, we defined the analytic signal of the electric field

which only the positive frequency part of the fighd:

5.>1

RBiods L=, 0&5F3S'FX5t- (2-22)

With the above definitions, we now consider an instantaneous secoedV® nonlinearity and

V7’ nonlinearity, the nonlinear polarization can be writisn

reo L reo E R (2-23)
and in time domain they are given by:
6. ., >1 R N P
Rpi0Es Ly Ty VO idsds; s it (2-24)
> >

RP [o&s L i, 2 Tsiog Toisg V' dsbgr =, 5 =T (2-25)
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We consider an instantaneod$ : 4 é5; L V& A—F —; A< F +;nonlinearity so that nonlinga
polarization :cé; L V& :0ésC
For the cubic case, the standard BGppenheimer approximation implies that for optical fields

one can write:

Apiods LT Tioas E i) T e S (2-26)
which is equivalent to takingV’:-4 &6 ulL \{:7j;A'—F A5 F 5 AgF—, EA-F
—5;\(',7; —F ¢; A+ F —:.To be simple, we ignored the Raman nonlinearity.

In frequency domain only have the Kerr nonlineatig tan be written as,

RpiXi LV a>Tioas 2L Vi a> 708 ? (2-27)

The total nonlinear polarization (3

Rpicﬁ—;L\ﬁ>2(ﬁ—;6?EV;:7j;>Scﬁ—;7?L%CGiGQ'X?6®'rE B1269. 601 gt UgE
E}gC?i?g,x??@,rE 07¢?7g,x>7@,rEu 6 +0,x?® 1 E

u © Updoeerg (2-28)
The nonlinear polarization ealope can write:
1085 L RAgpodsoffd e®r
L% c 619 . X?® 1 E ¢ Dj;?g,x>g©yr g> E7_8§ > 6 g 6 U¢?6gyx>6®yr E_j 7460, x76®, 19
(2-29)
where R i p: &5 dis the analytic signal for the nonlinear polarizatiof KH § § VXEVFULSW L
that only the positive frequencies must be accounteddgrusingoperatedn the time domain by

the Hilbert transformthe  %and Y termareno longer present.

We can write Eq. (21) for the analytic signal envelope A, which only positive frequencies,
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7 § © N © 7§Z/;
1 a (1, S ®  ~64 X?® r U4?d  x>@© r . [b 6
p B LF6(6a,|:©,;C ¥ Et ™4 %FW s D E

6 oi?eg,x>6@,rE_§ 7469,x76@,1C (2-30)
>

This nonlinear envelope equatid@-30) provides a powerful means of describing light pulse
propagation in nonlinear media. The right first term in the first square brackets is responsible for
second harmonic generation (SHG) which only positive frequencies. But the second fmon

called theewavemixing (TWM) like term has both the positive and negative frequencies usually in
cubic media. This term acts as fi&/M process. In the second square brackets, the fir§t is

typical selfphase modulation term. The interaction betweesitipe and negative frequencies

6 Uterm was proved to explain the formation of the negdtiguency resonant radiation
emitted by optical solitons by Matteo Confd@&j. The —j “term is responsible for third harmonic

generation (THG
2.6 Couple Analytic Wave Equations (CAWES)

NAEE can correctly describe the nonlinear interaction between the positive and the negative
frequency parts of the spectrum of optical pulses. However, in the quatbalicear mediunthe

U called TWM like term brings more physical, such@dG,SFG, DFG etc. Such an interaction
is able to generate phaswtched TWM radiation that would not exist in any model based on the
conventional envelopequation. For one NAEE is not able to distinguish the ietgphysical
processes.
7TKXV LQ WKLV VHFWLRQ ZRUN ZH LQWURGXFH WKH &:(V GHg¢
the rich interaction between positive and negative frequency components in quadratic nonlinear
medium during the propagation of an ultrashort pulse. In oadavestigate these TWM process,

here we ignore all of the-@rder nonlinearity, such as Kerr and Raman nonlinearity.
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1RZ ZH H[SDQG WKH HOHFWULF ¢(¢HOG LQWR ZDYHV SURSD.
harmonic (SH) frequencies which we assume thE Bnd SH spectra do not overlap. For the
noncritical SHG process, the FW and SH have the same polarization direction.

The FW can be written as:
5:085 L C 5 01790 ®-TE 5914 (2-31)
and then th SH is:
6085 L C g FP9FC.®TITE Agt4 (2-32)
whereXg LtXs F F UHSUHVHQWYV WKH FRPSOH[ FRQM XvabattH WHUF
The quadratic nonlinear polaaiton isO
Rp.0& L >.:08 E 40857

L% % 0 Fee el rpy § 120105200 %2@r

Es JE 5 sf900-0® g { 061000@rE o §2  (2:32)

The nonlinear polarization envelope for the FW is:
L2 o § oFeXE 4 g0 X®rg (2-33)
The nonlinear polarization envelope for the SH is
1808 L Appsi 0B AN 0P
L2 cv s 37X E ¢ Q4. v®rg (2-34)
where the phase match between the FW and SH¢e L ¢ Xg; Fte:Xs;, rps:085 and

R 6 - 085 respectively represents the nonlinealapization regarding the FW and the SH. In these

expanded equations, terms regarding the FW should has the carrier wavi¥téand the SH

has 1%°.".
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Substituting envelopes {22), (233) into Eq. (218), the full CWESs regarding the quadcaSHG
by the analytic signal are derived, i.e.:

EE g IR L L @ F o Ax Y (FHIE  JPein2@s (o35

ay 8alo. ag

ag

[Z&, a p s a . .
;Xz E:FT56TUE< 6, 6.-LER L F(Sil'@(?' X6 F <>V 5 s18IX E o U49i0 5@ oo

(2-36)
where—S%o” =17 .. ¢ <o L *5:X5; X5 F *: X5, the dspersion operaterare : sz L

~ﬂ _5b01:©’;. aC
K@% s pos T

and thegroup velocity mismatchfsg LV GH¢ GG BXs; F

apgc

.S:XG;'

2.7 Conclusion

As a conclusion, in this chapter we derited models for pulse propagations in nonlinear media.
NWEFs are derived from the Maxwell wationwith the SVSAA which proved the a generalized
model for pulseropagations in nonlinear mediay using analytic signal in the optical fielthe
NAEE is derived which can correctly describe the nonlinear interaction between the positive and
the negtive frequency parts of the spectrum of optical pulses. To separate theterm, the
analyticenvelope dynamics of the FW and the SH are both formuketedanalyticsignal.
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3.1Introduction
The optical soliton is remarkably rost as it can both retain its shape despite dispersive or

dissipative effects and survive wave collisions. Yet it is quite susceptible to perturbations as it can
shed phasenatched resonant radiation to acadled solitorinduced optical Cherenkov waver (
dispersive wave) when perturbed by highetter dispersiofil]. On the other hand, the soliton can
also act as a potential barrier when colliding with a linear (i.e. dispersive) wave, creating the
analogy to an optical equiket of an" HY HQ W KER SuchRa@dllision can be well understood

by generalizing the Cherenkov phasatching conditiontdegenerate fouvave mixing (FWM) =

to nondegenerate FWM where a soliton intesagtith two linear dispersive wavd8]. This
interaction is mediated by crepiase modulatiogXPM): the collision between the solitdiX,)

and alinear "'SUREH"~ ZP YcHn become resonantly phasatdied to a new frequency

WKH “UHVRQQQadtordn® voHhe FWM phaseatching condition.This frequency
converts the probe to the resonant wavieich +when completely depleting the prolggives rise
to the peculiar appearance of the probeertiihg on the soliton: when the probe group velocity is
higher than the soliton, the resonant wave group velocity will be lower than the soliton, and
therefore travel away from the soliton after formation. This frequeoayersion process therefore
in time domain leads to an apparent reflectbbthe probe on the soliton.

Solitonprobe collisions have been studied in fibexhich have a positive Kerr nonlinearity.
However, through cascaded (strongly phamesmatched) quadratic nonlinear interactions an
effective negative Kerfike nonlinearity may be generated (in bulk this corresponds to a self
defocusing effect]12]. As a consequence soliton formation requires normal dispeisspnand
Cherenkov phasmatching naturally occurs towards the red side of the soliton speft&)nirhis
allows for efficient nearto mid-IR conversior{16].

In this chapter, we study the collision of né&rprobe waves and satefocusing solitons to

generate longvavelength resonant waves. The skdfocusing soliton may reflect the probe wave
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when the probe XPM term is negative, and this is ptessi the surAfrequency generation (SFG)
between soliton and probe is detuned sufficiently away from its phasehing point to induce a

negative cascaded XPM term.

3.2 Theoretical background

Let us first stress that the code we use models-tmedaepolarized electrical fields and include all
possible\f* A and V7 interactions. However, an analytical understanding of the processes behind
the interaction is more convenient in the slowly varying envelope approximation. We will now
consider the iteraction of a strong soliton envelopedt the frequencyX,and a weaker (but not
weak) probe envelope Ep at the frequengy Let us focus on the two equations for the soliton and

probe and disregard dispersion for the moment. For the soliton

XqT - . @ . {OBC
dx o E q.Cd.ddgi 6@ﬂ"oiDg(E o5 ©i7ifi?ql”%‘cfxE o ©i6ifi‘ql"6”xh
..-.m.Xq,
70; 7 6 -7 6
Edoe © Nird e + EtVigZe ZhLr (3-1)

where R is the o polarized refractive index, modelled by the BBO Sellmeier equations. Here we
KDYH RQO\ LQFOXGHG WKH W\SH , RR : H 6+* 6ht $2Qe5 ')* ¢
effective nonlinearity
toquEA ; L t750 <°EF tgg... Becaul (3-2)
For the cut we use this is optimized forL FN tatfgd t75 O, and this implies that;4d- r
IRU WKH W\SH ,, LQWG UDKNY MRGHRH LOMWIDOYDFWLRQ Ry : R )i
included the XPM terms thatvolve the strong soliton and probe fields, and not the weak e

polarized SHG, SFG and DFG modes. We also note that even if BBO is anisotropic then the XPM

term betweenwo o-polarized modes is the same as the SPM termwzér.QL \('?Q L .55 In this

LGHQWLW\ OLOOHUYfYV VFDOLQJ LV QHJOHFWHG DV 41 W DF!
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independent; is used for each tensor element). However, farity let us keep them separated,

as one could imagine cases where the probe is not the same polarization as the soliten. For

probe we equivalently have

X T ~ : OD S @BC R OBC
Ox o E—.n.;d_dd(gf 6@¢g'if9<E o ©i7if¢?g|ii7ifxE (gf ©i6if¢g|”6|th
< m-A\ns
70 .7, 6 2 7: 6
E<ae:©i; o Mytd e t EtM7qZe ZhL ¥ (3-3)

The phasenismatch coefficients are:
GOWLKE: | o kt Xi8EOF t o okt Xi0
O KE L o KXGEXn 8EOF ¢ i Xg: F o kX0
o BIKE L o Xq F onmkX,0F  kXy F X, &0 (3-4)
wheree« . X& L ».:X&EX .and as per usuab X L >.. S“E S Ee <O E «8:X; 756 « :X&is
the BBO epolarized refractive index. In what follows we drop the explicit dependence gffhe
and t.4gn Eand 1.

Let us now write the basic plaweaveequations for the SHG, SFG and DF@a@arized modes,
GLVUHJIJDUGLQJ LUUHOHYDQW TXDGUDWLF FRQWULEXWLRQV
weak since it will be heavily phase mismatched and the releyganischot as high assdin, e.g.,
LiNbO3), cubic nonlinearities (which we assume to a very good approximation to be irrelevant for
the harmonics, as the phase mismatch is larger and thus their intensities too low) and chromatic

dispersion (we are only interested in the nonlinear termahtdment).

6©‘b[\\ _5 6 ? iiO‘DC:(

’d
< .
X 60 d 076 ©‘:t Lr (35)
1©; ?©¢ ;bpyy 0 |@B7C X
< ) _ iiflif -
X ©i 76y Ea|[:©i?©fa; a ©r # Lr (3-6)
1©; >© ; by 2d i O5S x
Tx © >0 —al[:©i>©fé; g nt o TNy (3-7)

With the usual cascading ansggz R t Nwe can find the harmonic fields in the cascadingtli
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60-byy\ :t"QIOD(;(

©|—F oF ||ODC© (3'8)
10 ?©¢ ;bpy 0 44i@8F x
o 26 L a0 720 4;]i@8¢, 4 O :tg f (3-9)
1©; >©x ;b 2d i O8S  x .
x ©i>Cx L a[:©>0fd; |'.O.Be(.:f d n¥ o (3 10)
When plugging these into Eq8-1)-(3-3) we get
70 Ty ey Byl o
I o B g © O"{:?dau/TQXq-"‘@i + Etvc:7dé1’l'QZ©f ZhL r (3-12)
70 e
o Egaes o MawteXni Zey z Et\igrote *hir (3-13)
7 éNLK
Va7 8X0L Myt E VG X (3-14)
7 7 1 7: 4V e T :
Viaro L Mo BV @ 7 Xg E Xns EVY G750 X F Xy, (3-15)
6 aNL <©-bj\\ .
RXoL F—;M[G@a'lom (3-16)
16,4V J K . 8:0; >Oy ;bjy }
WG X E Xni L P e (3-17)
26,4 JK . 8:©; ?©x ;b
VG X F X L F7a[:©i 6 E I[:\.@.%?f (3-18)
In the field normalized to the intensity case we havwg L ¢ ¥t B.ep: Xy, @& <& and
©, 6 6
t o B2 o FkuiXaito ¥ Etegkdd o ZNL 1 (3-19)
© 6 6
de o B o Pega®niZo ZEtogi g o thlr (3-20)
where LT 8XroL <80 Xk E < 8a- KXy (3-21)
*bcad *s0tpk *8a §Xq E Xn; E +62XXq F X (3-22)
ol —TSoli (3-23)
"6 cpiX 8+ al¢:0;
oL— TSl (3-24)
BfDCplf’Xh 8e al ¢:0 ;| ¢:0;

while the cascading contributions are
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Rl P (3-25)

Jalgol:60;]19PC

LBAVIK : 10i >©f ;bj\\ .
aq KqEXn; L F.,a-|e:©i;|e:©f;|[:©i>©f:§;|i?iBGCif (3-26)
6,4 J :0; 205 ;bjyy

a_q kaq F XmoL F-'a-le:©i le:0p:l:0 205 4;] 1 @BE, (3-27)

$ UHTXLUHPHQW IRU WKH VROLWRQ WR "UHIOHFW~ WKH SURE
the probe is scattering, i.e. a barrier. As the probe is launched in the anomalous dispersiola regime,
scattering potential requires that the XPM effective nonlinear index of the pro}ﬂ;’g%(,)) is
negative, i.e. selflefocusing. As we showed above this has three contributions:

e dd b2 pE e XG E Xni E oG X F X (3-28)

viz. the material Kerr XPM as well as cascaded SFG and DFG between the soliton and probe.

BBO tuning angle 0 [degrec]
24 22 20 18 16 14

20/ 1 1 1 1
S ="
- M B @E) —
= S : — 1$%(w,)
o /0
< ! ! !

_20 | 1 |

-50 0 50 100 150

AKSHG (1/mm)

Fig.3-1. The induced cascaded nonlinear refractive indices vs. the SHGmlssatch parameter (controlled
by the crystal angleB,calculated forl, L s&Je and |, L s&wJe. The domains are divided as follows:
(1+4+5) Effective selfocusing SPM regimes-£5",%X,; P 1), so solitons cannot be excited; (2+3) Effective-self
defocusing SPM regimes {£ 9:X,; Or), i.e. soliton regimes; (1+2+5) positive XPM regimeg;§:X,; P 1);
(3+4) negative XPM regimes-{;',3X,; Or); (1+2) resonant nonlocal cascaded SHG regimes; (3+4+5) non

resonant nonlocal cascaded SHG regimes.
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In Fig. 31 we show how the crystal tuning angkeontrols the regimes; the seléfocusing
soliton can only be excited in regimes (2+3). In turn the effective XPM term is only negative in
regimes (3+4); at the boundary to regime (2) it becomes phase matched, @mad ¢ht2) it is
positive. Coincidentally the boundary between regimes (2) and (3) also marks the transition where
the cascaded SHG becomesmesonant, which it is in regime (3+4+5). In the fresonant regime
the cascading is ultrabroadband and indunesmal selfsteepening on the soliton. Thus, for the
wavelengths and tuning angles considered hefd’" x, F X, ;is negligible due to a large phase
mismatch. Therefore the XPM scattering potential sign and magnitude is by and large a competition

between the material Kerr XPM effect and the cascaded SFG effect.

3.3 The general FWM phasematching condition

The general FWM phasmatching condition is

*igr Xps L eqmiXps E >jgi Xp: F oqmiX,0? (3-29)
where ¢ 4 : X; describes the dispersion relation of the linear wave (in bulk media simply determined,
e.g., by the Sellmeier equation), jXy; L *jg: Xq E:XF Xg; "¢ E“gmis the soliton dispersion
relation; its nordispersive nature is reflected in the fact it is simply a wave packet with a constant
group velocity e Its accumulatedionlinear phasé ; ywill cancel out for the J = +1 case that we
will focus on here. The parameter J switches between the degenerate case (J = 0, Cherenkov
radiation and the nedegenerate case (J = +1, where the presence of the probe at frefiyency
invokes the FWM resonant phasetching condition). In a BBO quadratic nonlinear crystal (
barium borate, Baf®,) the resonant waves are phasatched in the midR beyond!l L ta P
as seen from thdispersion relations in Fi@-2 for the main case casidered here, namely a 1.65

P SUREH FROOLGLQJ ZLWK D P VROLWRAQ
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Fig. 32 (a) The dispersion relations for BBO in frequency domain, reported in the solitomgriogfty frame.
Black line: lefthand side of Eq. ¢29), colored lines: rightand sile of Eq. (329), taking a soliton at, L
s& Je and a probe atl, L s&wle “'$° DQG "1° GHQRWH UHJIJLPHV ZLWK DQRPDOR

respectively. (b) The group velocities of a linear wave (black) and the solilgnLas& Je (blue).
3.4 Mid-IR femtosecond frequency conversion

The BBO crystal is assumed cut for typpeecond harmonic generation (SHG), where two o
polarized photons at the fundamental wave (FW) frequefyyenerate a secosthrmonic (SH) e
polarizedphoton at the frequeey Xs L t Xg The numerics use the nonlinear wave equations in
frequency domaifil8] model; the values of th&% and V’tensor components were chosen from
[19], and the Raman effe neglected as it is usually considered weak in BBO. Here we pump in

the owave and through phaseismatched SHG to theveave a nonlinear phase shift accumulates
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on the pump pulse, which we exploit to excite a-defibcusing soliton. Importantly, sineee also
pump with a weak -olarized probe wave, the numerical model also includes any pos&ible
interaction, such as sumand difference frequency generation (SFG and DFG), and both amier
intra-polarization (i.e. type 0, I and Il) interactions. For simplicity the BBO-IRidnaterial loss is

neglected.
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Fig.3-3 Evolution of the epolarizel field in (a) time domain (normalized intensity of the electrical field envelope)
and (b) wavelength domain. (c) The dispersion curves of3Rg) in wavelength domain for, L s& Je (thick)

and |4 L s@ywde (thin). Input pulses: 50 fs FWHM@& L s& Je, I,in = 200 GW/crh (soliton) and 50 fs
FWHM@ I, L s&wde , Ip,in =5 GWi/cnf, T =150 fs (probe). The BBO crystal hagW' . xres ?S:EL

szz' f+1T L F{r'.the SHG phase mismatched - KL «.:t Xs&; F t »;: X5; Small enough(b) the groupvelocity
dispersion (GVD) must be normas ;T?; :X5; P r?which in BBO meands O s& z zJ+; (c) the effective soliton

v - 6 6y .
order [21] .qdRR swhere ;b nXs gt leu@Xsi+ .. 591 L BosiXsi.tsg it tand 4L & )71 Xs;
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The collision is modelled by launching two-poopagating epolarized fields 54, ... “ X5~ « % .S
5: E ngi... X,-0°F1.28F R ,?where Rs the delay time between them and we will untical

input pulse durationss L A selfdefocusing soliton can form &5 L Xif the following criteria
are fulfilled:(a) The effective Kerr seffhase modulation (SPM) nonlinearityf,$Xs; L
ba (X' E *sacpmustbe negative, and this is controlled B Xs: B F1844c°% by making

Fig. 3-3 shows the results from a typical simulation. The BBO crystal angle is suitably chosen to
give nonresonant negative SPM and XPM nonlinearities (Whichirs betweers yiv OEOtra’.
The soliton input intensity is chosen .44- t & allowing a higheorder selfdefocusing soliton
to form. A weak probe is launched in the anomalous dispersion regimeh from Fig.3-2(b)
implies that its groupelocity is larger than the soliton. It is therefore suitably delayed at the input
so the interaction occurs over realistic crystal lengths. The time plot in (a) shows the probe colliding
with the trailing edge of the strong soliton at around 10 mm. Alffiercollision a reflected wave
emerges; this is the resonant wave phma&ched to the soliton through the negative XPM
nonlinearity. According to Fig3-2(b) the resonant wave will have a lower group velocity than the
soliton and this explains why it isaveling away from the soliton trailing edge. In wavelength
domain (b) the normalized spectral density (SD, calculatedlasd. ~ :X L tN...I; 61 ).shows
that the probe is almost completely converted to the resonant wave, and this occurs betwden 10 a
20 mm propagationt is exactly in this propagation range the collision takes place in time domain.
There is a good agreement between the predicted jphatsding frequency of the resonant wave,
which is evident from the wavelength domain phasgchirg curves plotted in (c).We note that the
soliton blueshifts slightly during propagation as a consequence of casesdinged self
steepening. Thimeans that at the final stag¥, P X5 and this leads tor@ew set of soliton curves
for the phase matching conditions, indicated as thin lines in (c). As these represent solitons they are

in frequency domain still straight curves, but they are now tilted instead of flat as tipevgtocity
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is different from that aiXs, in wavelength domain this means that they are no longer represented as
straight curves, but this is simply due to th€d s Xrelation. These curves explain how the
resonant wave is found slightly more 1ghifted tha the X, L Xscase predicted. We also see that

the Cherenkov (J = 0) case can be seen in the spectrum, accurately predicted bydhitddue
soliton phasematching condition. This is the degenerate case, where the soliton alone becomes

phasematchedo a resonant wave.

oF—T—————— gy T T
g 20 ) T
2 40 & ]
E ||1 '-._.
5 R ﬁtﬂ Al =
—60 ) l A 1
.Hirl.'. ) '\I--'I ) ¥ 1 L ) T T N
1 L5 2 25
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(b) 0.97 (d);
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5 W
.'._““QH 05l 5 0.96
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Fig.3-4. Cuts from Fig.3-3: (a) the normalized -o(thick) and epolarized (thin) SD; (b) the barmhss filtered
probe and (c) the longass filtered resonant wave envelopes vs. time.(d+e) Normalized energy vs. z in the
collision (ful) and no collision (dashed) cases of (d) the soliton and (e) the entibiarized spectrum, the

filtered probe and resonant waves.
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Detailed spectral and temporal cuts are shown in Hd& shows the SD at input, during (z =
15 mm) and after collisn (z = 30 mm). Since the soliton order is above unity, tpelarized
spectra (thick lines) show that the soliton at collision is considerably extended towards the probe
spectrum, and the final spectrum shows that the probe is almost completely dieieitegl only
the J = +1 and J = 0 resonant waves. Tipwlarized third harmonic is also evident, and in the e
polarized spectra (thin lines) the various SHG and SFG components are evident as well. The same
cuts are shown in time domain focusing in (b)tlk@ probe (using a banuhss filter) and in (c) on
the resonant wave (using a lepgss filter). Theprobe at 15 mm is around half depleted, giving
most of its depleted energy to the resonant wave that is located at the same temporal position. After
30 mmthe weak probe does not show on a linear scale (in the plot it is amplified 10 times). The
resonant wave is now delayed 400 fs and it is reduced in intensity and increased in time due to
dispersion. It has a Gaussian profile since it is a linear and swlitan wave. Finally (d+e) show
the energy, normalized to the total input energy, of the soliton, probe and resonanfTieaves.
soliton initially looses around 2% of its energy through SHG to tpelarized SH [(e) also shows
the total epolarized enerdy causing the initial ripples at z < 1 mm. The solfmobe interaction

occurs between z = %520 mm, and the resonant wave builds up in energy. After 20 mm the probe

is depleted. The energy ratio (conversion efficiency) of the resonant wave to the probe is around
0.72, close to the limit posed by the phetorphoton ratio X, X, L r& uas di¢ated by the

Manley-Rowe relation. The energies from a simulation where the probe never collides with the
soliton (dashed lines) show as expected no energy at the resonant wave and the probe remains
unaffected.

Fig. 34 shows the probe and resonant e@nergies Vvs. . q(controlled by s4) for (a) I, L
s&wJe fixed and four different ,4 values, and (b)4 L sT .». %fixed and three different

| ,values. In (a) the complete depletion of the probe happens for intensitiesuup to .. 5, all
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ending up at the same plateau, whoselles dictated by the Manleigowe relation (asX,, is fixed).

For ngi L vr .». %the probe conversion is incomplete, which is a result of nonlinear spectral
broadening occurring before collision. It is therefore important that the probe doespeoience

any nonlinear phase shifts before the collision. In (b) a fixed moderate probe intensity was therefore
used to ensure complete depletion of the probe. Since different probe frequencies are used the
plateau levels vary, in accordance with the MgRowe relation. Clearly probe depletion requires
follows a logistic sigmoid function, whose slope scalesﬁé?and the midpoint . 4g4increases

linearly with ,4,and decreases linearly witt, This latter scaling comes from the fact thatlas
increases it approaches the zero greelocity mismatch (GVM) wavelength, where the probe and

soliton have identical group velocities, see Fig.80). The detuning from GVM has traditionally

Fig. 3-4. The probe and resonant wave energies (normalized to probe input energy)&sz = 40 mm. (a)

Fixing 1, L s&wd and (b) fixing ng L ST 2.5
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been kept small to get a large reflection, with the dilemma that the resonant wavelength is almost
identical to the probe [see again F832(b)] and the collision will only take place through very
longinteraction distances. Still a decent conershould be possible even with large detunings
from the zero GVM point.

The emission wavelength of the riid resonant wave is tunable fromL td& F t & J through

changing the probe wavelength, see Bi®. Note that the midR wave remains quite significant
even when probdepletion is incomplete and when IR losses are taken into account. Besides, this
process can be generalized to Aifdtrangarent crystals like < ,, ; where the phase matching

point will also lie further into the miR.

~10 ———

o—pol norm. SD (dB)

\u

1.3 1.5 1:7 1.9 2.1
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()]

Fig.3-5. Longwavelength part of the-polarized SD for various probe wavelengths shown after z = 20 mm

(exceptl, L s& wle where z = 30 mm) with (tbk) and without (thin) IR losses of BBO. The dashed lines show

the input statesThe soliton was the same as in B2 and 4, L sr 25

3.5 Conclusion

In a quadratic nonlinear crystal multiple cascaded nonlinear effects allow firstly the torroti
a seltdefocusing nealR soliton (through cascaded SHG generating adsadthcusing Kerlike
SPM term), which when colliding with a weak ndBrprobe induces a cascaded SFG nonlinearity
generating a sellefocusing Kerlike XPM term. This allowsa resonant midR wave to become
phase matched. A complete prafesonant wave conversion is possible when colliding with a
higherorder soliton, a case which has not been considered before in Kerr systems, and for a given

soliton wavelength the resonanavelength is tunable by varying the probe wavelength. Obtaining
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phase matching further into the il is possible in other crystaland inerestingly the system

allows tochange the XPM term sign to study the barrier vs. hole potential.effect
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Chapter 4

7KUHH ZDYHUMMRQ@DGWDVOLBRD VH
PLVPDWFKHG TXDGUDWLF QRQOLQHD
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4.1 Introduction
In the nonlineaoptics the balance of theesad order fiber dispersion and the nonlinearity can

lead to formationa soliton Cherenkovor resonant radiatiofRR)emitted by solitos in the
presence of highesrder dispersion sheds light throughfaur wave mixing (FWM) resonant
process to anew frequency, which determined by a phaseatching condition between the
dispersive resonant radiation and the solitdhe theoretical and experimental studies have
demonstrated the crucial role of these processes in the expansion of supercontinuum generated in
nonlinear fiberd2] and nonlineabulk crystalg[7].

Theoretical and experimental studies haismshownthe midIR Cherenkowvave generatedy
the cascaded quadratic solitethroughdegenerat&WM resonaninteractiori8]. In chapter 3we
shownanondegenerate FWNh the quadraticcrystal,where a soliton interacts with linear waves
While in a nonlinear medium without the center of symmet(guadratic medium) resonat
radiationresults in parametric thragave mixing(TWM) when two waves create a third wasge
possible taappear
The aim of thischapteris to develop a physicainderstanding and analytical methodshef TWM

RRin phasemismatched quadratic nonlirmeaystals
4.2 Three wave mixing radiation phasematching conditions

We staréd with study thecoupleanalytic waveequations(CAWES)in chapter 2eliminating the

Kerr nonlinearity and Raman nonlinearity.

—1/451/1_% E<s 5:L&R
L (% @s F ‘a_auAW E e FPEZE gfgf] it (4-1)
aEA;(iéi; E>|:T56a_:E< 6? 6. LR
Pl X F oy o BINE G R ey @)

In a largely phase mismatchseconeharmonic SH), we asume a SH.:
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6:lAR L T:R¥? (4-3)
Inserting theEq. (4-3) into Eq. (41) gives the SH:
6;

s U . Va iy 6

6.L5R L F<V—x6,¢° XGF (T/Rigf’lz —,T 5

L Fe—lal 8 @ F iggIZ\>ﬂ tR = 8:_F @ 4-4
Bato el w loq ‘S 5 : (4-4)

where :3; L% e :—i >:6 36 F 1543 E ¢ ;is the response functiorgis set by3 L X F Xgé&

R(t) isthe irverse Fourier transform of the response functingerting 4:LaRinto Eq. (41), we
get the nonlinear Schrodingdike (NLS-like) equationonly containpositive frequencyin the
largely phase mismatched SHG prodds<H:

]/45:Lé?

- ~ 5 a 5 o - a3 o
aq @ F < Ad Feo A ff(g[ @6 F oA ¢ 8F fyan 5 §iPE 5 5¥EI007E-7h
>

(4-5)
wheregroup velocity matctGVM) term R L t Ts¢ ¢ewhich act as Ramalike redshift of
the FW. In our case, wealiminated the GVM term,thus the NLSlike equationonly have the

positive frequency can be written:as

ag. ~ . =
U F 5 sRLCS qas® sEH 5 FENTPg (4-6)
The prefactor is understood as the dimensionless soliton numtﬁem;% and
—_ < 9 . _ . o
§{aee
H3 L 8al®©.;

In order to derive three wave mixing radiation phasgching conditions between a soliton and
its resonant radiations, we follow a standard procedure descripgdWe look far solutions of Eq.

(4-5) in the form:

AR L CRPYE %R (4-7)
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where :Ris the envelope of the optical soliton, q is the shift of the soliton wave number and g is a
small amplitude generatedlispersive wave
After substitution into Eq. (%), we only consider first order terms for simplicigssuming that g
is a linear wave we deriv@
Y% E 85 cYa  E § gL RBLARIPIPEL § (S R%LAR
EH :R°o;: iR 12®-*>&in 2gd
L F>a:<Yy Es t>; %47 :R194 (4-8)
Eq. (48 Ais the solution of dispersive wave which should have continuum mode on thaaight

side.Thus,the phasematching conditions are easfiyund:

Di(3=q (4-9)
Di(3 L t" (4-10)
Di(3 Lr (4-11)
Di(d=0d+ine (4-12)

Equation (49) is Cherenkov resonances;1@) and (411) are degenerated FWM resonances driven
between the solitons andenerated RR,seeing 8:R%: LR f -1 ®:R%LR terms. The
term :R % LAR contain both positive frequency and negative frequenhbigh is the typical three
wave mixinginteraction The 9% LAR operatoris the classical analogues of the annihilation operator
in quantum optics which correspond to absorption and emissionaofphoton Thus, this
:R% AR interaction called like difference frequency generatioTWM-RR (TWM-RR
(DFG)).The TWM-RR([DFG) only appears in quadratic nonlinear mediwmen match the phase
matching cadition (4-12). The TWM-RR(DFG) is strongly detuned to loeg wavelength
( F Xsrepreserglower shiftedfrequency relative to the pumping frequency). Thus, T\RRI(DFG)
needsthe FWdispersionoperatorD;( 3) O r. But in the bulk crystal we have examint@ group

velocity factor 0 Ng > 0, thusTWM-RR (DFG) would not happen. However, there might well be
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ZDYHJIJXLGH VWUXFWXUHYVY ZLWK D UDQ<B oRslowdbr &f Hy@upL H V
velocity of light by employing electroptic effect

For the SHw~hich only have linear waye

‘Xg F «; 6:R196Pwi? (4-13)

ag!’

[i Y+ Floer E < d %L Feil

The phasenatchingcondition isO
6:3; F T563 L (4-14)
Equation (414) represents the phasgatching condition of the nesolitonic radiation due toF%s,

called TMWRR (SFG) or nonlocal sidehich has beenxgerimental and theoreticpfoved[14].
4.3 Three wavemixing radiation with linear pump

Parametric amplification based on thigeave mixing is a fundamental process in nonlinear
optics [17] .They have been widely application for temporal compresaitirafast all optical
switching [18].

Here the idea of using cascaded quadratic effects in the @idGesdo balance dispersion and
nonlinearity as to produce solitariBhreewave resonant interaction is possible in the presence of
the quadratic nonlinegly. We study parametric generation of new frequencies resulting from TWM

of solitons and linear wave in quadratic crystal. The phasehing conditions are expected to be

GLITHUHQW IURP WKRVH JHQHUDWHG E\ WKH PL[LQJ RI FZYV

A particular case of the teewave interaction is known in nonlinear optics as type | birefringent
R R : HThe quadratic crystais assumed cut for typeSHG for generating the setlefocusing
soliton fieldA;, with the weak linear wave Anput. The interaction is modelled by fahing two

co-propagating epolarized fieldd¢he generated waves&an be described as:

aE &,
ax

EFtsrm E< 7:3;? 71LR L Y& 5 g19¢ione (4-15)

The dispersion operator in Eq-1%) is given by:
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713 LAY g2 (4-16)

where the phase match of sum frequegeyy ;b *c:X7; F emi Xs: F i Xg -Zr;?; : Xg;is the
group velocity of the soliton a@nhts,is the GVM between the soliton and the S t57 L
¢ Xs; F o i X5

We launched soliton with optical fields: L&R L :R19< and the weak probe is the linear wave
which can be written asg L %oLéR.For the A, thereonly have solution for the linear wave, thus

we derive
i %F 570 E < 1 %o
L ¥%:R :R%L&R 9P %iosé (4-17)
The SFG between soliton and prgifease matching condition can be described as:

723 F 1523 L éowaE” (4-18)
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Figure 41. TheTWM-linearresonance DYHOHQJWKYV FDOFXODWHG IRBB®\SH , ELUFL

The TWM resonancegurve «:3; L ;:3; F 1573 E ¢ Xg; F ¢ X7, is tunable throughe

this is indicated with color curves for taken Wd&ger and smalleiThis resonance is driven by the
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TWM between the solitons adishear wavepump (sederms :R %J&R on Eq. (417). Therefore,
we call them TWMIlinearresonances. In a BBO quadratic nonlinear crystal TWM resonant waves
are phasenatched atEL t s, as seen from the phase matching curve in FR). 4 D P SUREH

FROOLGL QJnzdolitoK). D

(a) (b)

— 210

\— KSFG
/\ —

(e I ()

Figure 42. Numerical simulations use the NWEF. Bjolution of the epolarized field in time domain an(th)
wavelength domain. (c) Evolution of thepelarized field in time domain and (d) wavelength domain. Input
pulses: 50 fs FWHM@ | L s& Je, lin = 25 GW/cr (soliton) and 50 fs FWHM@, L s&wJe, ly,in= 1.25

GW/cnf,(probe). The BBO crystal hatEL ts' f«1T L F{r':

Fig. 42 shows the results from a typical simulation using NWFWs model, the BBO -phase
mismatd (EL ts°) where the cascaded SHG becomes-mesonance. The soliton with 58
duration, pumping wavelength & L Pthe peak intensity I=26w/cnf to give an effective
self-defocusing soliton order H=2.0. A weak probe with 50fs duration, pumgiwavelength at
8 L P DQG LQS XAM.ZS@WM@iS/IB&Ndhed in the normal dispersion regime. As

we expected, the TWM (o+me) between soliton and linear wave becomesnesonant, see the
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TWM-linear resonances curve Fig¥4 The Fig 42 (a) and (c) show the propagation FW and SH
dynamics time domain, (b) and (d) show the propagation FW and SH dynamics wavelength domain.
Because of GVD, the linear wave approaches the soliton, until it reaches the soliton. When the
pulses begin to interagtpsitivecross phase modulation (chapter 3, Fig) ;hduces a TWMinear
resonant wavdormed at wavelength 607 nm at length z=15mm. There is a perfect agreement
between the predicted phasatching frequencies of the TWM resonant wave, which is evident

from the wavelength domain phas®tching curves plotted insert FigR4d).

1.00 T . -
—— Soliton - - e-pol(no collison)
0.95 4 - = Soliton(no collison) 0.204|— e-pol
0.90 2 016+ -7
g 0% & 0.12- L7
g 080 £ ’
= S 0.08 ‘
2 0754 /
0.704 0.044 (b)
0.65 . . . ; ; 0.00 T y T y y
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Length(mm Length(mm)
0.14 4/— TWM-linear ' ' ' 10 ' '
—— probe
0.124.. .. probe(no callison) 0.8
0.104 -
? 0.08 1 @® 0.6-
N—r
% >
> 0.061 §
% 0.04 51 0.4
c £
0.02 4 0.2.
0.004
-0.02 T T T T T 0.0 : T 7 T
0 5 10 15 20 25 30 -200 0 200 400 600 800

Length(mm) Time(fs)

Figure 43 (a) The energyof soliton (b) the energyf e-pol except the TWMesonant wavéc) theenergyof the
probe and TWMesonant wave (dhe filtered resonant wave envelopes vs. time.
Fig 4-3(a, b, c) show the energy, normalized to the total input energy, of the soliton, probe and

resonant waves. The energies from a simulation where the probe never collides with the soliton

(dashed lines)low as expected no energy at the resonant wave and the probe remains unaffected.
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The solitonprobe interaction occurs between z = {LlR0 mm, and the TWM resonant wave builds

up in energy. After 20 mm the probe is depleted. The energy ratio (conversmeneff) of the
UHVRQDQW ZDYH WR WKH SUREH LV DURXQG ZKLFK PHDQ
process. The photon of the soliton and the probe convert the energy to the TWM resonant wave by

TWM process. As the Fig-3 (d) show, the durain of the TWM resonant wave is in the fs scale.

4.4 Conclusion

In conclusion, wehave introduced the concept of TWM radiation in the BBO Cryatad
demonstrated a possibility tie TWM resonant wavereated bysoliton in quadratic mediaThe
parametricDPSOL¢FDWLRQ SURFHVYV ZD \olisnv/dRthé sbRteh@ivdweaR W H G E
probe.We believe our results open a new directiomuadratic solitonand may bring new ideas

into other fields of nonlinearpticswhere parametric wave interacticar® important.
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Chapter 5

/KH VROLWRQ RSWLFDO SDUDPHWUL|
SXPSHG WXQDEOH JHMBHUDWLRQ RI P
IHPWRVHFRQG SXOVHYV
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5.1 Introduction

Peiodically poled lithium niobateRPLN) is a quasphase matched material that offers a high
nonlinear coefficient, high resistance to photorefractive damage and breettdakpransmission
range (0.35%.5 m), allowing efficient wavelength conversion into the mill from low pulse
energy.Several approaches have been explored for generating tH& mpidse based otihhe PPLN
crystal such as optical parametric oscillators (OROs)ifference frequency generation (DEZ3)
and optical parametrigulse amplification (OPA2], despite the great complexity implementing
critical phasematching conditions and synchronous pumping scheme.

In this chapter, a defocusing solitdniven tunable mid,5 RSWLFDO SDUDPHWULF
proposed in a standard PPLN bulk crystal. It relies only on a single input pulse entering a quadratic
nonlinear crystal, which is appropriately phasismatched so aelf-defocusing temporal soliton
forms. This temporal soliton drives resonant radiation in thelRithrough a thre@vave mixing
(TWM) processwith a large degree of tunability in the wavelengthghyfting the grating pitch

value
5.2 Quaskphasematching

Quasiphasematching(QPM) is a very wellknowntechniquen nonlinearopticswhich relying on

the periodic modulation of the nonlinear susceptibilitythe nonlinear mediumMomentum is
conservedthat can compensate for the phasematch betwen the FF and SH waweimber,
through an additional momemtu contribution corresponding tthewavevectowof the periodic
structure. MoreoverQPM structures can be engineered by varying the period, duty cycle of the
grating, crystal widths and lengthsiabling several applications fefficient frequency conversion,
high harmonic generati@8], all-optical processifg], pulse shapiqd@0], supercontinuum
generatiofil1] and other nonlinear processes.

The phases mismatch between FW and SH is for the QPM interaction is giten by
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6 k

éead ¢t F—
where & <+— St Z <+ %" < . the QPM order,¢ ¢ is the natural phase mismatch between FW and
SH.

In a QPM device, the secomdder nonlinear optical coefficient distributed along thaxis

coincidng with the direction of waveectorsO

l S
4” /s
Thickness T S /
4 180° Periodically

| Inverted Domains

Fig 51 The device PPLNL13]
troe L typheoe (5-1)
whereseconeorder nonlinear coefficienty il \Y; t, \jjjis the seconarder susceptibility tensor
and g(z)can takevalues of £1 inside the nonlinear medium
By approximating this periodic modulation of g(z) with discrete Fourier series:

%o0e= Ay by oKX (5-2)
where Lk—6 -<e"—6;is JRXULHU FRHI{FLHQWYV
5.3 Soliton generation inQPM crystal

Thecascading quadratic nonlinearity in a material with f¥mster QPM structurean bewriting as:

= 60. = b\
® .
6@ _q# «al:o ;-

(5-3)

1O ¢l [\
which a positivevalued ¢¢ . 4 provide seldefocusing in the normal dispersion region
The cubic nonlinearitystemming from the electronic Kerr effect is always characterized through

the ZScan measureemt
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78 :©;
“6as 0d 5o a0 (5-4)

LN is reported to have quite strong Raman respdthdg fr > 50%, so the competing Kerr
nonlinear-rity is *gscppl :SF Ei%6as ga
Thetotal nonlineaity is given by a combination of competing cascaded seoctel nonlinearity
andcubicnonlinearityO

*s L *6a ok *cacpp (5-9)
The effective soliton order < de_ H Xs 4;*g@_q45F *gmpﬁ .., Where } is input
intensity, 4 L 4 2 :X; is the effective dispersion length,’ : X; is the GVD coefficient of
FW and ,4is input pule duration. Fig 5.2 shows the nonlinearities as a function of the

wavelength in the LN crystal and PPLN crystal.

o
120{ — LN |
— PPLN |
1
g 80 |
1
1

NE 40- :ZDW

S :
g :

= . —
< 40 o
:
80 !

T T L T T T
1000 1500 2000 2500 3000

Wavelength(nm)
Fig. 5-2 Thenonlinearities as a function of the wavelength in LN and PPLN cut for the interaction (e; elgtiguend cubic

susceptibilities used af&5] dy3= 15.6 (pm/V), g3 = 75 (pni/V?), fr=0.35 @ 1060nm.The pitt& L t{ J* &
5.3 Phasematching conditions

Since the largest quadratic susceptibility in LN 4g eve considettype 0 QPM geometry in this
quadratic cascading interaction. The analytic signal coupled wave equations governing the

propagation of the FF and SH waves in the PPLN cateberibedas

ag.:7&;

E(5 SLQQL

az
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EZ&I

E>FT56— Ec<e?6llR L Fe \&atp - Xe F <_ >V o5 sV (5-7)

wherees: X5 ;is the group velocitythe group velocity phasaismatch factok s e L *5:Xs5; X5 F

*Xs, 58 L Al @.,?E’ébcb’T:?” :F :Cc «—;are group velocity dispersion, the group velocity mismatch is

GH¢ QHGLDY Xs; F *5:Xg5, \46;0 L t T u denotes the effective nonlinear coefficient
The nonlinear Schrédingdike (NLS-like) equation irthe largely phsemismatched SHG process

in the PPLNcan be derived as the standard procediLég$

SR IR
LngSGSEH‘JSU gc%f_z"g@"c (5—8)
- >
The prefactor is understood as the dimensionless soliton numpey i sia ﬁﬂ@ Y and
- é OO,
_ Y4
ke L 8d[:0.;

We look for solutions of Eq. ¢8) in the form

5:LAR L RI99 E %olR, (5-9)
where :Ris the envelope of the optical soliton, g is the shift of thieasolvave number and g is a
small amplitude dispersive wave.After substitution into EeB)(Sssuming that g is a linear wave

we deriveO

CHE 5 Y lCE @ SRUELRPIPEL@ O RU%LR E @, ‘RULLR P DI *i270.0

L F>5:<Y%; Es t>13? :R19¢ (5-10)
Eq. (5-10) is the solution of dispersive wave which should have continuum mode on théaight
side Thus,the phasematching conditionsare easily found:

5(3=q, (5-11)

53, Lt“F gt (5-12)
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513, L gt (5-13)
5(9=q+eeaoF (5-14)

where 5:T ™ L “ Equation (511) is a weltknown condition giving the frequencied the

resonance waves emitted by the solitorcalled Cherenkov resonances. Equationg2band (5

13) are degenerate FWM resonanoskich are driven between the solitons and dispersive wave

see S:R%:LER9%and ©:R %LaR termson the lefthand side of Eq(5-10). Equations (5L4)

give negative frequencies regarding TW(BFG) resonances which depend on theR % L&R

term.

For the SH only linear wave:

U#FhéE%mHﬂQGRﬂwwm (5-15)
80
60 \ TWM-RR(SFG)

\
N

S
(@)

N
(@]

e

Wavenumber(mth)
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-80 ‘
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Fig 5-3.The phase matching conditions in PROWe soliton wavelength at 1730nm, and the @gith t{ J-.

The three wave mixing radiatigghasematching isO

6-3; L ¢ocak t”

L f563 F Aflg—

k é

Thus, the phase matching condition depends on $h& 19 62 %! W term can be written as:
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5(3):F<;-neEif Et« (5-16)

The TWM (DFG) resonances is strongly redshifted with respect to the pumgs ,if Fif Ora
Figure 53 shows the phase matching curveg( 3) versus pump wavelength together with its
intersections with gF g,-neEif and g,-neFif, which give respectively the RR, TWM (SFG) and

TWM (DFG) frequencies.

(c) (d)

Fig.54 (a) Contour plot of the spectral evolution of a short pulse in PPLN, obtained by direct simulation of Eq.
(5-5) and Eq. (8) The pulseL V S X P S+ G73D W, with a peak intensity of 50 GW/tand a duration 60 fs.

All plots are in logarithmic scale.

Here we support the above theory with numerical simulations performed by analytic signal
coupled equations Eq.-f and (5.6)Fig. 54 we show the spectralolution in the PPLN crystal,
with a pump wavelength L s& uJ + 4a 60 fs pulse, and peak intensity =50 GWicRigure 3(a, d)
show FW and SH spectral evolution obtained by solving E§) @nd (5.6). BotiWM-RR (SFG)

andTWM-RR (DFG) emissions are&isible; see Fig. 5 (a) and (b). Figure 3(c, d) show the same
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simulation as in Fig. 3(a, b) but when switching off the lgterm. No TWM-RR (DFG) is
generated in this case, showing that such radiation is indeed coming framethetion between

the positive and the negative frequency spectral compongn% This resonant radiation is the
standard three wave mixing process; unlike the well know seliduced optical Cherenkov
radiation which due to degenerate fouawe mixing.It is here worth to emphasize that ordinary
coupledwave envelope equations do not contain the results shown here, in particular the tunable

mid-IR RR is absent.

5.4 Experiments and discuses

frequency (cm™)
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—— 71— . ! . I
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Figure 55 Parametrically tunable mitR dispersie wave for various PPLN grating pitch values.

The pump laser is a 1 kHz OPA system and we tune the OPA output wavelength from 1.55 to
P GXULQJ WKH H[SHULPHQW ZKLFK LQ QRUPDO GLVSHUV
pump is around 60 fs. Aew pieces of bulk PPLN crystals with muiffating structures were
investigated. All spectra (Fig-5) were recorded one after another in the same bulk PPLN crystal
ZLWK WKH SXPS ODVHU ¢[HG —P 1V ?) an0 thSptD N L Q W
was varied by displacing the multipigating PPLN crystal. The intensity magnitude of each
recording is therefore absolute and can be related to the other measurements. The inset bars indicate

the IR absorption bands present in this range when exchimgnain IR stretching modes in the
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ground tone, which, apart from the wkliown band for C® in the gas phase, include the

important alkyne and nitrile stretching modes.

0] :
-10. — Sm.
-20- —_— EXp

-50+
-60-

Normalized(PSD dB/nm)
5

4
(@]

'80 T T T ul T
1000 2000 3000 4000 5000

Wavelength(nm)

Fig. 5-6 Top: Typical decadespanning supercontinuurnere recorded for —pPak intensitp5 GWi/cnf
and & 29 m. Bottom NFWEssimulation ofPPLN propagation. The pump laser was +60 fs FWHM,
peak intensity5 GW/cnf, and the pitclis & P

We have simulated the propagation of &pof duration 60 fs launched in a-@0m PPLN with
a grating pitch value& P 1XPHULFDO VLPXODWLRQ XVHG QRQOLQH]
GRPDLQ PRGHO 7KH VXSHUFRQWLQXXP VSDQV RYHU D GHFD
transmission nage. At z= 5mm coincides with maximum spectral broadening, there is a RR
emission in the anomalous dispersion regime at 3000 nm. This phenomenon previously observed
numerically and experimentally in the LN, can be explained as phagshed resonant traesfof
energy between soliton and RR/].The VSHFWUXP DURXQG fonwertetdiRR TURP

in the SH sidebanf.8].The most striking observation in Fig:6asthe strong emission of a band of
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mid-,5 OLJKW DW a P ZKLFK ZDYHOHQJWK ORQJHU WKDQ WKH
5-5). We verified that it was caused by the TWM phas&ching to the soliton. The recorded MIR

tuning data shows excelleagreement with the theoretically calculated curve, as shown inFig.5

6
= 57 .
§ : Experiment
: 4/ FWM-RR (Cherenkov)
J*E:’o 3 —— TWM-RR (DFG)
f) 2: TWM-RR (SFG)
> 7 — Soliton
= 1 - - ZDW
1 SR ST I UV/IR edge

26 28 30 32 34 36 38 40
QPM pitch A (um)
Fig. 57. The tuning curves predicted by theory, showing excellent agreement with the experimental data.

55 Conclusion

In conclusion,we demonstrate the concept by pumping added PPLN bulk crystal with an
energetic nealR femtosecond pump laser, and shoffiagent generation of miR broadband
pulses, tunable in the 405 um regimes simply by changing the pitch length of the poling. Since
the whole process requires onlgiagle nealR pump, it constitutes an entirely different approach

to ultrafast mid,5 SDUDPHWULF DPSOL¢{¢FDWLRQ
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6.1 Introduction

Recently there is a growing interest in supercontinuum generd®&@G)in photonic integrated
waveguides. This promises highlyfielent SCG in different regions of the electromagnetic
spectrum with extremely low pump pulse energies delivered bylRealtrafast femtosecond fiber
lasers.Some of the recent waveguide platforms that have demonstratetRnpamped octave
spanning bwadenedpectra include lithium nioba(&N) [1], chalcogenide$t], InGaP membranes
[5] and silicon[6].

Silicon nitride is a materiaplatform highly suitable for nonlinear optics applications. The
nonlinear coefficient in bulk is ten times larger than silica glass and its transpaiedoyv covers
from the UV to >6 mm. This material does not display tpboton absorption in the
telecommunications wavelength band and waveguides can be engineered with very low propagation
losses. Nonlinear applications demonsttase far include microresonatoomb generation[7] ,
supercontinuunfi8], and other higtspeed optical signal processing.

However, a welknown challenge with silicon nitride is that in order to achieve anomalous
dispersion in the telecom band, the waveguide core requires a thickness b8&@onth where
silicon nitride films tend to crackll].Advanced fabrication methods to overcome film cracking
have been recently developddll]. An alternative procede to circumvent the fabrication
challenges of thick silicon nitride films is increasing slightly the silicon content during deposition
(silicon-rich nitride [12]). The resulting material structure shows a higtedractive index and
nonlinear Kerr coefficient than stoichiometric silicon nitr{d8].

In this chapterwe report an octavspanning supercontinuum in a siliegoh nitride waveguide
pumped with a modicked femtosecond erbium fiber laser. The simulations indicate that the

spectra are highly coherent.
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6.2 Supercontinuum generation and results

Our silicon nitride film is fabricated in a lopressure chemicalapor deposition proce$&4].
The waveguide patterns are transferred by standard deep UV contact lithography followed by dry
etching. The silica top cladding is done in a plasma enhanced chemical vapor deposition process.
The waveguidegeature losses of 1.8B/cm and a Kerr parameter of 6 (Wharound1550 nm
The waveguide dimensions are displayed in Fig.Bhe slight tilt in the walls is a consequence of
the etching process. The effect is included in the numerical-Bletaent simulations (COMSOL)
of the groupvelocity dispersion (GVD) parameter shown in Figl.6lt has two zeralispersion
wavelengths (ZDWSs) giving a broad region (spanning 700 nm) with flat and moderate anomalous
dispersion, centered around 1550 nm. The agelength ZDW is controltde by varying the

waveguide height. Such a dispersion profile is desired for efficient supercontinuum generation.

Fig. 6-1 Numerically calculated GVD for the waveguide. As described by the shadowed area, by varying the
height of the waveguide h from 650 P W R QP WKH VHFRQG ='": FDQ EH WXQHG IUR
solid line corresponds to h= 695 nm. (Inset) Cimmstion geometry and modal confinement of power for

fundamental quasi TE mode.

The experimental setup is displayed in Fig2.®he fentosecond fiber laser (Toptica) produces
laser pulses at 90 MHz repetition rate, centered at 1550 nm. The bandwidth (33 nm FWHM)
supports a transfortimited 105 fs (FWHM) Gaussian shaped pulse. The pulses wersgeae

coupled by an objective lens into DCF that compensated for the accumulated chirp before the
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waveguide. NDFs were used to control the pulse energy, and the polarization was controlled with
an FPC. This was followed by a piece of siagiede fiber spliced to a tapered lensed fiber (based

on SMF IURP 2= 2SWLFV ZKLFK IRFXVHV WR D P ):+0 VSF
autocorrelator to estimate the pulse duration to 130 fs FWHM (assuming a Gaussian shape) at the
waveguide entrance, revealing some remaining chirp in the pulse. &wuom total power before

the waveguide was measured to 42 mW. The output from the waveguide is collected with a tapered
lensed fiber and sent to an optical spectrum analyzer (OSA). To record the supercontinuum, we
used two OSAs with spectral ranges @00 nm and 120@400 nm, whose spectra were
overlapped to get the final spectrum. The coupling loss is estimated at 6.5 dB/facet (TE) and 5.3

dB/facet (TM), providing a maximum input pulse energy of 105 pJ (TE) and 140 pJ (TM) inside the

waveguide.
FWHM
FWHM
100fs TE TE
FPC

Figure 6-2 Sketchof experimental setup for supercontinuum generation. DCF: dispersion compensating fiber;
SMF: singlemode fiber; FPC: fiber polarization controller; OSA: optical spectrum analyzer.

The spectral evolution of the generated supercomimWith a TEpolarized pump as a function
of input pulse energy is shown in Fig36The spectra for low pulse energies are clearly dominated
by seltphase modulation (SPM), i.e. early stage broadening bsdditen formation occurs. At 78
pJ the solitorhas formed, accompanid&y two solitorinduced dispersive waves, oae each side
of the two ZDWs. The strongest dispersive waséund at low wavelengths, peaked around 820

nm, while themid-IR dispersive wave, peaked around 2250 nm, is less powanfukchanges
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significantly when increasing the pulse enefggther to the maximum value of 105 pJ (9 mW

average power).

Fig.6-3. (a) Experimentally recorded PSD at the end of the waveguide (corrected fiacehdoupling loss). The

numbers show the estated input pulse energies in pJ. (b) Results of numerical simulations of the TE FM. The
spectra show the total PSD at the waveguide end averaged over 50 noise realizations. The pulse was prechirped
using GDD = +3500 fs andthe waveguide height was h = 668. The ZDWs are those calculated for a TE

polarization mode using h = 660 nm.

The results are verified with numerical simulations ushreysecalled nonlinear argic envelope

equation (NAEE)[15]] which resolves sukrycle carrieswave dynamics and includes full

expansion of the cubic nonlinearity. We only model wWesseguide fundamental mode (FM). Its
mode effective indexand effective area vs. wavelength from the COMSOL calculatosie
included in thanodel without truncationThefrequency dependence of the effective mode area was

modeledas shown iff16]| The cubic nonlinear coefficient w&s7 (Wm)*, which is a slightly

modified value to that reported s due to an improved estimate of the linear propagatiss. This

propagation loss (1.5 dB/cm was taken constéanbss the modeled wavelength range. The NAEE

modelwas extended to include delayed Raman nonlinegdfit§ié\ simple model was implemented
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based on the 9 phononmode centered at 410 &mand having a broadband 70 <rfinewidth
(reflecting the amorphous nature of the silicon nittidi@ film). The relative Raman strength was
set to £= 0.2,which is a typical value for amorphous materials. Genertilyy Raman effect gave
only minor contributions, in line withprevious studies of silicon nitride waveguides. An
explanationmight be that the dispersion engineering leaves only a moderatealoudispersion

range where the Ramaeffect can influencehe soliton by reghifting it. Finally, noisy initial

conditionswere used based on the guteotorrpermode modeg[17]

Fig. 6-4. Calculated ZDWs vs. wagaide height h for TE and TM modes. The phasgching
wavelengths for dispersive waves coupling to a soliton at 1555 nm are also shown. Note that for the TM case

h > 675 nm to support a soliton at 1555 nm, so no DWs can be found for h < 675 nm.

In Fig. 6-3(b) we show a direct comparison of the numerical simulations to the experimental
spectra. The simulations are able to reproduce the major features of the experimental spectra, but
noticeably the dispersive waves seem to be narrower in the experimesgalaca the nedR
dispersive wave is also located at a somewhat lower wavelength. The waveguide height is important

because as Fig-1(a) indicates, it affects the lowgavelength ZDW. Using a smaller waveguide
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height will blueshift this ZDW, the midR dispersive wave, as well as the anomalous dispersion
regime. The calculations in Fi§-4(a) summarize this by showing the change in the dispersion
landscape when varying the waveguide height from 650 to 75@kung the entire range the TE
mode has amoalous dispersion at 1555 nm, but only for values below 675 nm was thERmid
dispersive wave (denoted DW 1) found below 2500 nm and thelReadispersive wave (denoted
DW 2) below 900 nm. The best match to the experimental results was found with a 6&dghtn
similar results were observed in the range-636 nm, but for 700 nm and higher the dispersive

wave positions did not match the experiments very well, especially for the TM results below

Fig. 6-5. Evolution from a single noisealization of the TE polarization FM (40 pJ total input energy) in
(a+b) time and (e) wavelength. The coherence function (c) and FM spectra (d) were averaged over 50 noise

realizations (each shown in gray for the output pulse).

As mentioned, the simulahs only model the FM, but from the higheider modes (HOMSs)

given by the COMSOL simulations we estimate that around 55% of the input energy will be
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coupled to the FM, and the rest goes into the HOMs. The HOMs will typically not show any
spectral broadeng due to their lower peak powers, higher GVD and mode areas. Experiments
therefore often have a portion of the pump input spectrum that remains "undepleted” in the
supercontinuum. In th@umerical spectra shown in Fi¢-3(b) we have therefore added the
equivalent energy of the HOMs at the end of the simulation as 45% of the total input spectrum.
Additionally, combining the 33 nm bandwidth of the input pulse with the measured value of 130 fs
FWHM corresponds to a grougelay dispersion of GDD €500 f$. The simulations used positive

chirp but similar results were found with negative chirp. We note that the simulations used lower
energies than the experiments, whidm be attributed to uncertainties in coupling efficiencies,
waveguide nonlinearity and ghisrsion, input pulse prehirp etc.

In Fig. 6-5 the power was chosen so the soliton forms almbghe waveguide exit. In (a) the
soliton forms as a singleycle spike (5 fs FWHM), and after this séfRPSUHVVLRQ SRLQV
position) the temporal tracquickly develops interference oscillations. This is because the two
dispersive waves are now formég the soliton at the same temporal position but at different
wavelengths. In the spectral evolution (e) the dispersive waves are seen to be presaalitdrthe
IRUPDWLRQ SRLQW 9TPDI[T DQG DIWHU WKLV WKH\ JURZ VLJ
coherence is shown, as calculated from the first order coherence function. This excellent coherence
pertains for lower powers, but it degrades tiggher powers; this is quite typical as soliton fission

and other nonlinear processes following the soliton formation stage are quite noise sensitive.

The TM case shown in Fig-6(a) does not show strong broadening. Noticeably, though, the
spectrum brodens enough to enter the important 8880 nm wavelength range forpBioton
absorption microscopgndcoherent antBtokes Raman spectroscofijne spectral shapes indicate
normal GVD at the pump wavelength, which leads to optical wave breaking: theipulsse

domain becomes highly chirped and develops steep shock fronts. In frequency domain this is
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accompanied by SPiihduced spectral broadening, which has some very characteristic spectral
ripples. The spectral broadening is typically much weaker thathe soliton case because no
dispersive waves are formed and the pulse does netmaliress. To understand when TM has
normal GVD at 1555 nm, Fig. 3 shows this may happen when the height is taken well below 700
nm, as this changes the higher ZDW (ZDV##&m >1900 nm (700 nm height) to <1500 nm (650

nm height). The experimental results therefore again indicate a lower height than the nominal 700
nm, as this would leave the 1555 nm pump pulse in thesalitonic normal dispersion regime. In

fact, the numecal simulations shown in (c) agree well with the experimental results using the exact

same parameters as in the TE case

Fig. 6-6 (a) Experimental spectra for various TM pump pulse energies; The ZDWs are those calculated for a
TM-polarization mode usgn a 660 nm waveguide height. (b) and (c) numerical simulations showing the
coherence function and average spectra. The simulations used the same waveguide spdeEighidénd input
pulse prechirp as Fig6-3(b).
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6.3 Conclusion
In conclusion, we hav used a dispersion engineered silicon rich nitride waveguide to study

supercontinuum generation by pumping with emergy pulses (8240 pJ) from an erbium fiber
oscillator. In the TE polarization case a soliton and two dispersive waves were exciiedad b

octave supercontinuum (from 8@250 nm at30 dB). With TM polarized pulses, the continuum

was generated by optical wave breaking because the waveguide had normal dispersion at the pump
wavelength. Numerical results indicate that the superasetimad an excellent coherence. The
dispersion was controlled by varying the stoichiometry of the core material and theserctses

geometry of the waveguide to give anomalous dispersion at the pump wavelength (TE case).
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Chapter 7

&RQFOXVLRQV DQG 2XWORRN\



7.1 Conclusions

In this thesis, we investigated the Ph.D. projgeemtosecond fewcycle midinfrared laser
pulses.The works wereforced onoptical solitons in nealR for generating the mitR pulses

Firstly, we demonstrated theoretically and numdlyca new method for generating mig
pulses which based on the collision of the-geffocusing soliton and a weak probe in quadratic
crystal.

A nearperfect conversion efficiency is possible for a high effective soliton oAlerearIR
soliton inducedE\ D FDVFD GH® roXlibearityBowhs f rormal GVD regime and he
soliton emitted DWin the anomalous GVD regime in the riR by degenerate four wave mixing.
The higher order of the solitoolliding with a weak nealR probe induces a casatsum
frequency generationonlinearity generating a satiefocusing Kerlike effective negativecross
phase modulatioterm.The tunable femtosecond iR converted wave is formed betweér 2.2
i P DV D UHVRQDQW G todé@hethduiwave DiXiky Hace| Q
Secondly, v theoretically studied thregave mixing resonant radiation in the quadratic crystal.

By controllingthe angle of incidence light, the higher order of the soliton colliding with a weak
nearlR probe induces a casal sumfrequency generation nonlinearity generating a-self
defocusing Kerlike effective positive cross phase modulation term. The femtosecond visible
converted wave is formed as a resonant dispersive wave bywhiee mixing parametric
DPSOL¢prdassL R Q

A defocusing solitordriven tunable mid,5 RSWLFDO SDUDPHWULF DPSOL¢HU
first time in a standargeriodically poled lithium niobaté®PLN) bulk crystalwith one fixednear
IR pump wavelengthThis unique tunableesonant raditionfrom I= i B generated by
threewave mixingprocess from the setfefocusing solitorsimply by changing the pitch length of

the poling
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Finally, asoliton and two dispersive waves were excited in a dispersion engineered silicon rich

nitride to give waveguide 1.5 octave supercontinuum in the TE polarization case by pumping with

low-energy pulses (8040 pJ) from an erbium fiber oscillator.

7.2 Outlooks

During the project, we noticed thaltrafast optical solitonsn the nonlinear optical ot only

accompaniedvith the frequencyconversionbut alsorich in physical meaningBut what are the

projectfV XQVROYHG SUREOHPV DQG IXWXUH FKDOOHQJHV"

| .The collision of soliton and a weak probe

We are looking forward to verify experimentaliige collision of the soliton and a weak

probe in the BBQrrystal andothermid-IR transparent crystd[d]| This simple and effective

method providea goodsolution for midIR ultrashort pulse generatioMoreover this kind of

collision contains a lot of physical and applications, such as aaal@agtificial event horizon

2]

all-optical transistd

f4]

andblack holelasef[5]

[1LOSWLFDO S DU D Podsadbh thaticrogEohagidt U

The Kerr comb generation based oantinuouswavepumped optical microresonators

utilizes the high quality factor of microresonators which enhaneesuthicnonlinearity of the

material by fourwave mixing[6]|The DWs can be simultaneously excited when pumping in

either the anomalous or normal dispersion regimes by four wave mikimdj.analogous

frequency conb based on cascadediadratic nonlinearitiealso have beedemonstratei[10]

Thus, using continuouswavepumped quasi phasenatching microresonatorsgeneratethe

threewave mixingresonantadiationwill be apromisingdirection

[l .The siliconrich nitridewaveguide

The siliconrich nitride approach allows increasing the waveguide height to givelRnid

dispersive waves beyond 3000 nm, making it feasible to generate >2 octaves of bandwidth
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with almost perfeccoherenceThus, theseshow promises for sherange neatR and midIR
coherent supercontinua generation in a CMf8ipatible waveguide by exploiting the mature
erbiumfiber laser technology.
We are looking forward to mor@nd moreresearchers interesl inthe midIR pulse which will
bring new insightanto nonlinear opticgphysicsandeven toour life.
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AppendixA:
MATLABCodeCAWEs Equation



clear;
clc;
closeall;
formatlong
global chi2 chi3 dt gpm_k li omeg e w n_e c t dk_e dz wfh kfhe delta_k wsh ish isw
li=i;
gpm_k =2*pi/30%pith
¢ = 0.299792458% um/fs
fftw('planner, 'hybrid);
S
% --- chi2 & chi3--- crystal PPLN
deg=90;
theta = deg*pi/80;
fai = pi/6;
d22 = 1.9265; % um/V (2.668um/V at 1064nm, HCP Co.)
d31 =-4.40e6; % um/V from the handbook!4.60e6 um/V at 1064nm, HCP Co.)
d33 = 20.566; % um/V from the handbook! (25.0@8um/V at 1064nm, HCP Co.)
deff =zeros(3,6);
deff(1,1) =-3*d31*cos(theta)"2*sin(theta).
-d33*sin(theta)"2..
-d22*cos(theta)"2*sin(3*fai); % e,ee
deff(1,2) =-d31*sin(theta)..
+d22*cos(theta)*sin(3*fai); % e,00
deff(1,6) =-2*d22*cos(theta)2*cos(3*fai); % e,0e or e,eo

deff(2,1) =-d22*cos(theta)*2*cos(3*fai); % o,ee

deff(2,2) = d22*cos(3*fai); % 0,00

deff(2,6) =-2*d31*sin(theta)...
+2*d22*cos(theta)*sin(3*fai); % 0,0e or 0,e0

chi2 = deff*2;

c0 =29979288;% Vacuum speed of light in m/s

mu0 = 4e7*pi; % [N/A"2]

eps0 = 1/(c0"2*muQ¥b [F/m]

cll1=0; % [um"2/V 2]

¢33 =52€e10; % [um”"2/V" 2]

c18 =0; % unkown!!!

c110=0; % unkown!!!

chi3 = zeros(3,10);

chi3(1,1) = cll*cos(theta)4

- 4*c110*sin(theta)*cos(theta)*3*sin(3*fai).

+3/2*c18*sin(2*theta)"2..

+ c33*sin(theta)™4; % e,eee
chi3(1,2) = c¢110*sin(theta)*cos(3*fai); % e,000
chi3(1,4) = -9*c110*sin(theta)*cos(theta)*2*cos(3*fai¥p e,eeo or e,eoe or e,oee
chi3(1,6) = cll*cos(theta)’2

+3*c18*sin(theta)"2..
+3*c110*sin(2*theta)*sin(3*fai); % e,00€e or e,0€e0 or €,e00

chi3(2,1) = -3*c110*sin(theta)*os(theta)*2*cos(3*fai)% o,eee

chi3(2,2) = cl1; % 0,000
chi3(2,4) = cll*cos(theta)"2
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+3*c18*sin(theta)"2..
+3*c110*sin(2*theta)*sin(3*fai); % 0,eeo0 or 0,e0e or o®me
chi3(2,6) = 3*cl110*sin(theta)*cos(3*fai); % 0,00€e or 0,0€0 Or 0,e00

% --- reference: FH: lambda_o & SH: lambda_e%
lambda_e = 1.75;

omega_e = 2*pi*c/lambda_e;

lambda_sh = 1.75/2;

omega_sh = 2*pi*c/latvda_sh;

deg = 90;

% --- reference wave vecte+-

[k, dk] = MgLN_Wave_Vec_deg(omega_e,1,deg);
n_e = k.fhe*c/omega_e;

dk_e = dk.the;
delta_k = k.she 2*k.fhe;
Qfpm-mmmmmmmm oo SH

[k, dk] = MgLN_Wave_Vec_deg(omega_sh,1,deq);
n_sh = k.fhe*c/omga_sh;
KKK=n_sh*omega_sh/c;

dk_sh = dk.the;
d12=dk_shdk_e;

% --- time ---

time_span =8000% fs

% time_num =10*time_span*c/lambda_e;
nt = 2714,

dt = time_span/nt;

t =-time_span/2:dt:itime_span(;

% --- frequency---

omega_span = 2*pi/dtp fs™1

dw = omega_span/nt;

w =-omega_span/2:dw:omega_spadi,
Qfprmmmmmmmmm e - Fw
wfh=w+omega_e;

lambda_left =0.3;

lambda_right =5.5;

omega_left = 2*pi*c/lambda_righ
omega_right = 2*pi*c/lambda_left;

w1l = find(wfh > omega_left, Tirst);

w2 = find(wfh< omega_right,1last);

w3 = find(wfh >~omega_right, Ifjrst’);

w4 = find(wfh <omega_left, 1]ast);

isw = (wfh>=omega_left & wfh<=omega_right);
e SH
wsh=w+omega_sh;

w5 = find(wsh > omega_left, 'lifst);

w6 = find(wsh< omega_right,last);

w7 = find(wsh >omega_right, Ifjrst);

w8 = find(wsh <omega_left, 1]ast);

ish = (wsh>=omega_left & wsh<namega_right);

%0 --- WaVe VECIOF---------=-mmmmmmmmm oo wave vector FW
k_e_arr = zeros(1,nt);
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k_right = MgLN_Wave_Vec_deg(wfh(wl:w2),0,deg);

k_left = MgLN_Wave_Vec_deg(wfh(w3:w4),0,deg);

k_e_arr(wl:w2) = k_right.the;

k_e_arr(w3:w4) =k dft.the;

% plot(2*pi*c./wfh, [k_e_arr*c./wfh; (k.fhe+dk_es.*(@mega_e))]);
k_e_arr=(k_e_ark.the-dk_e.*wfh).*isw; % phase of FW
plot(2*pi*c./wfh, k_e_arr)

% k_e arr=(k_e_aidk_e).*wfh+(dk_e).*wfh)*c./wfh; % phase of FW

% plot(2*pic./wfh(wl:w2), k_e_arr(wl:w2))

% --- WaVe VECIOF-=-===s=nsmmemmmneee oo wave vector % SH

k_e_arrsh = zeros(1,nt);

k_right = MgLN_Wave_ Vec_deg(wsh(w5:w6),0,deq);

k_left = MgLN_Wave_Vec_deg(wsh(w7:w8),0,deqg);

k_e_arrsh(w5:w6) = k_rigtthe;

k_e_arrsh(w7:w8) =k_left.the;

k_e_arrsh=(k_e_arrdkKK -dk_sh.*wfh-(d12).*wfh).*ish; % phase of SH
plot(2*pi*c./wfh,k_e_arrsh)
0 === Z =mmmmmmm e
intp =50;
zlength =5000;

dz =1;

nz = ceil(ceil(zlength/dz+1iptp+1)*intp;

z =0:dz:(n21)*dz;
fprintf(‘total steps: %8d', nz);
eps0 = eps0*16; % F/um
% --- e light
% input pluse
|_in_e =80el4;% 1GW/cm"2 = 1614 V" 2*F/(fs*um”2)
E_c_e =sqrt(egD*n_e*c/2);
E_in_e =sqrt(l_in_e/E_c_e"ZH V/um
FWHM _in_e =50% fs
T_in_e = FWHM_in_e/(2*log(1+2"0.5)Y6 Guassan: exd('2/T0"2).*(cos(t*omega_e )+0*li*sin(t*omega_e ));
E_in_e_arr = 1*E_in_e*sech((t)/T_in_e);
height = E_in_e*sum(sech(t.*2/T_in_e"2})
S — -

E_in_e_arrsh = zeros(1,nt);

EFE = zeros(nz/intp,w/1+1);
EFSH = zeros(nz/intp,w&5+1);
%%
phs_e_arr = expli*k_e_arr*dz);
phs_e arrl = expli*k_e_arrdz/2);
phs_e arr2 = exp(li*k_e_arr*dz/2).*is%26%%% %% %% %% %% %% %% FW

phs_e arrsh = exd(i*k_e_arrsh*dz);

phs_e arrshl = exfi{*k_e_arrsh*dz/2);

phs_e_arrsh2 = exp(li*tk_e_arrsh*dz/2).*&9,0%%%%% %% %% %% %% %% FW
%-0 T GEEEEEEEEEE RS

Ef e_arr = fftshift((fft(E_in_e_arr)*dt)).*phs_e_arrl ;

Ef_e_arrsh = fftshift((fft(E_in_e_arrsh)*dt)).*phs_e_arrshl ;

kfhe=k.fhe;
tic;
fori=1:nz

[ Ef_e_arr2] = rk4(@nlin_func_fR,[Ef_e_arr;Ef_e_arrsh],z(i),dz);
un_fh=Ef _earr2(1,);
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un_sh=Ef_e_arr2(2,:);

Ef _e_arr=un_fh.*phs_e_arr;
Ef_e_arrsh=un_sh.*phs_e_arrsh;
%  %--- interloop plot---
plot(2*pi*c./wfh,20*log10(abs(Ef_e_arr)/height),2*pi*c./wsh,20*log10(abs(Ef_e_arrsh)/height));
% plot(2*pi*c./wsh,20*log10(abs(Ef_e_arrsh)/height));
% plot(2*pi*c./w(wl:w2),2*(abs(Ef e arr(wl:w2))/height));
axis([0.4 5-100 2));
pause(0.001)
if mod(i,intp)==1;
disp(i);
EFE(floor(i/intp)+1,:) = Ef_e_arr(wl:w2);
EFSH(floor(i/intp)+1;) = Ef_e_arrsh(w5:w6);
end

end
toc;

function[dEf_e_arr] = nlin_func_fR( Ef_e_arr, z)

formatlong

global chi2 dt omega_ewfhlin_ect dk_e gpm_k kfhe mm delta_k wsh isw ish
% % .*exp(delta_k*z)

dkk=dk_e*omega -&fhe;

% %

% % dkk2=dk_e*omega_e*2*kfhe;

%

tt=t-dk_e*z;
mm=21*(square(gpm_k*z+pi/2) );

Ef e arrl=Ef e_arr(1,:);
Ef e _arr2=Ef_e_arr(2,:);

E_e_arrl = ifft(fftshift(Ef_e_arrl))/dt;
E_e_arr2 = ifft(fftshift(Ef_e_arr2))/dt;

% dEf_e_arrl {1./(4*c*n_e))*li.*(1+(wfh-omega_e)/omega_e).*

fftshift(fft( 1*mm*chi2(1,1)*E_e_arrl.*(E_e_arrl).*exp(1*li*omega_e*tt+li*dkk*z)+2*mm*chi2(1,1)*E_e_arrl.
*conj(E_e_arrl).*exp{l*li*omega_e*ttli*dkk*z) )*dt);

dEf_e_arrl =(1./(4*c*n_e))*li.*(1+(wfh-omega_e)/omega_e).*

fftshift(fft( 4*mm*chi2(1,1)*(E_e_arr2).*conj(E_e_arrl).*exp(
li*delta_k*z)+2*mm*chi2(1,1)*E_e_arrl.*conj(E_e_arrl).*exfitli*omega_e*ttli*dkk*z) )*dt);

dEf_e_arr2 =(1./(4*c*n_e))*li.*(1+(wsh-2*omega_e)/(2*omega_e)).*
fftshift(fft( 4*mm*chi2(1,1)*E_e_arl.*E_e_arrl.*exp(li*delta_k*z)+2*mm*chi2(1,1)*E_e_arr2.*conj(E_e_arr2)
Fexp(-1*li*omega_e*ttli*dkk*z))*dt);

dEf_e_arr=[dEf_e_arrl;dEf_e_arr2];
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function[u_out] = rka(func, u_in, z, dz)
globaldt
formatlong

% full step
u_full = rk4(func, u_in, z, dz);

% half step, twice
u_half = rk4(func, u_in, z, dz/2);
u_half = rk4(func, u_half, z+dz/2, dz/2);

|_full = norm(u_full, 2)"2*dt;
|_half = norm(u_half, 2)"2*dt;

err = (I_full-I_half)/(I_full+1_half);

if (err <= 1e9)

u_out = u_full;
else

u_out_half = rka(func, u_in, z, dz/2);

u_out = rka(func, u_out_half, z+dz/2, dz/2);
end
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