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Ivadas

Vienas didziausiy siuolaikinio mokslo laiméjimy - lazerio - gamtoje naturaliai
nestebimos koherentinés $viesos Saltinio - sukurimas [1]. Nors savo gyvavimo
pradzioje lazeris net paciy kuréjy buvo laikomas ,sprendimu, ieskanciu prob-
lemos“ [2, 3], tobuléjant lazeriams, radosi vis nauji taikymai nuo medicinos iki
pramoneés, nauji taikymai skatino tobulinti pacius lazerius, o geresni lazeriai
leido svajoti apie vis jspudingesnius taikymus, siekianc¢ius net tokias sritis kaip
branduoliy sintezé energetikai (tiesa, iki Siol ne itin sékminga).

Fundamentiniame moksle lazeriai taip pat negincijamai labai svarbus. Jau
patys ankstyviausi lazeriai atvéré kelius formuotis naujoms mikroskopijos bei
spektroskopijos Sakoms, taciau itin zenklus proverzis jvyko tada, kai D. Stric-
kland ir G. Mourou pritaiké jau kiek anksc¢iau radaruose naudota impulsy ¢irpa-
vimo metodika darbe su $viesos impulsais [4]. Iki ¢irpuoty impulsy stiprinimo
(angl. chirped pulse amplification - CPA) metodo sukurimo, lazeriy impul-
sy stiprinimas iki didelés energijos reikalavo itin didelés aperturos stiprinimo
elementy. Pavyzdziui, 10TW eilés smailing galia pasiekusiame Nova lazeryje,
naudotame branduoliy sintezés tyrimams, reikéjo stiprinimo elementy, kuriy
skersmuo buvo net 46 cm [5]. Suprantama, kad mokslas, atliekamas tokio dy-
dzio optiniy elementy reikalaujanciais lazeriais, buvo prieinamas tik pacioms
turtingiausioms mokslo jstaigoms. CPA principas mastelius pakeité radikaliai:
CPA principu veikianciose trumpy impulsy lazerinése sistemose 10TW smaili-
ne galig galima pasiekti su vos keleto milimetry skersmens aktyviaja terpe [6],
nes stiprinimo metu impulsas iSpléstas laike, kuris veikia kaip savotiska tre-
¢ioji stiprinimo terpés aperturos ,koordinaté*. Tokiu budu TW eilés smailinés
galios ir keliy desimciy femtosekundziy trukmeés impulsy Saltiniai pasidaré pri-
einami daugeliui moksliniy laboratorijuy, o kartu su vartotojuy bazés plétra augo
ir taikymy skaicius.

Neperturbaciniy aukstyjy harmoniky generacijos metu lazerio impulso Svie-
sa konvertuojama j koherentine tolimojo UV ar netgi rentgeno diapazono spin-
duliuote leidzia vidutinéje laboratorijoje telpancias lazerines sistemas naudoti
kaip istisus pastatus uzimanciy sinchrotroninés spinduliuotés saltiniy pakaita-
la [7] ar tirti netiesinés optikos procesus XUV diapazone [8]. Lazerinémis siste-
momis greitinant elektronus pasiekiama puiki elektrony pluosto ir lazerio impul-
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sy sinchronizacija leidzia kombinuoti lazeriy ir elektrony pluostus itin aukstos
laikineés skyros ultrasparciosios elektrony difrakcijos eksperimentuose [9]. Ato-
sekundiniy impulsy mokslas atskleidzia, kad elektrono tuneliavimas, anksc¢iau
laikytas visiSkai momentiniu procesu, gali trukti baigtinj laiko tarpa [10]. Ke-
leto optiniy cikly impulsais viduriniame infraraudonajame diapazone zadinant
atomus ir molekules, vaizdinamas elektrony orbitaliy formy kitimas femtose-
kundinéje laiko skaléje [11]. Visy Siy ir dar daugybés nauju ir nepaprastai
idomiy tyrimy pagrindas - didelés galios, itin trumpy Sviesos impulsy Saltiniai.
Bene visiems taikymams be reikalavimy impulso trukmei, kontrastui, poreikio
generuoti impulsus ties egzotiskais bangos ilgiais svarbus ir kuo didesnis im-
pulsy pasikartojimo daznis, kurio didinimas leidzia kelti antrinés spinduliuotés
saltiniy vidutine galig ar zenkliai pakelti signalo-triukSmo santykj eksperimen-
tuose, kai, pvz., elektrony tarpusavio saveika iskraipyty matavimo rezultatus,
jei vieno lazerio impulso metu buty generuojama daugiau nei keletas elektrony
(erdviniai kruvio efektai) [12].

Daugumai siy klausimy atliepia neseniai paplite ir vis dar nuolat tobulé-
jantys tiesiogiai diodais kaupinami kietakuiniai ar sviesolaidiniai Yb ir Nd jo-
nais legiruoti ultratrumpyjuy impulsy lazeriai, pasizymintys dideliu efektyvumu
(ir dél to leidziantys pasiekti didele vidutine galia), patikimumu bei stabilu-
mu [13-15], ir prie Siy lazeriy puikiai deranti optinio parametrinio ¢irpuoty
impulsy stiprinimo metodika [16] - galimybés tokios didelés, jog §ji derinj tenka
vadinti nauja femtosekundiniy technologijuy karta [17]. Nors Sie lazeriai pasi-
zymi daugybe privalumy, dél lyginant su ultrasparciyjy moksly laboratorijose
paplitusiais Ti:safyro lazeriais, dél keliasdesimt karty ilgesnés impulsy trukmeés
ir vizija buvo tirti ir tobulinti netiesinés optikos metodus, kurie leisty Yb:KGW
lazeriy pagrindu ar Yb:KGW ir tiesioginio diodinio kaupinimo Nd:YAG laze-
riy pagrindu kurti didelés galios, keleto optiniy cikly, stabilios elektrinio lauko

formos impulsy Saltinius artimajame ir viduriniajame IR diapazonuose.

Disertacijos tikslas

Disertacijos tikslas buvo istirti ir optimizuoti eksperimentines schemas, priemo-
nes ir procesus, leidzian¢ius Yb:KGW ir didelés galios Nd:YAG lazeriais kaupi-
namose OPCPA sistemose generuoti TW eilés smailinés galios, keleto optiniy
cikly impulsus su stabilizuota neslio faze gaubtinés atzvilgiu. Salia to buvo
keliamas ir tikslas rasti bei eksperimentiskai iSbandyti kitas netiesinés opti-
kos schemas, kuriomis buty galima generuoti itin plataus spektro spinduliuote
infraraudonojoje srityje, kaip pradinj kaupinimo Saltinj naudojant Yb:KGW

lazerj.

11



Darbo uzdaviniai

1. Nustatyti esminius parametrus, lemianc¢ius Yb:KGW lazeriu kaupinamo
parametrinio stiprintuvo Salutinés bangos neslio fazés gaubtinés gaubtinés
atzvilgiu stabiluma.

2. Istirti neslio fazés gaubtinés atzvilgiu ir kaupinimo energijos rysio koefi-
ciento priklausomybe nuo fokusavimo vietos pasyviai stabilizuotos neslio
fazés gaubtinés atzvilgiu impulsais kaupinamame kontinuumo generato-
riuje

3. Optimizuoti femtosekundiniais impulsais kaupinama kontinuumo pries-
stiprintuvi taip, kad buty stiprinami plataus spektro impulsai, islaikant
kuo geresnj erdvinj-spektrinj spinduliuotés homogeniskuma

4. Realizuoti skaitinj algoritma, kuriuo buty galima pilnai atstatyti impulsa
i$ chirpscan matavimo duomeny

5. Suprojektuoti, suderinti ir charakterizuoti didelés energijos pikosekun-
diniais impulsais kaupinama c¢irpuoty impulsy parametrinj stiprintuva,
iskaitant uzkrato impulsy plétros-spudos sistema

6. Nustatyti optimalius fokusavimo ir optiniy elementy parametrus konti-
nuumo generacijai daugelio ploksteliy sistemoje

7. Istirti solitoning impulsy savispuda kristale su neigiamu netiesiniu luzio
rodikliu

8. Sukurti kompaktiska optinio parametrinio stiprinimo schema, kurioje bu-
ty galima generuoti < 50 fs trukmés impulsus viduriniojoje infraraudono-

joje srityje, kaupinant Yb:KGW lazeriu, kurio impulsy trukmeé ~ 250 fs

Disertacijos struktura

Pirmajame skyriuje aptariamos pagrindinés didelés galios keleto optiniy cikly
taikymo sritys bei pagrindiniai tokiy impulsy generavimo metodai, taip pat
keli esminiy impulsy charakteristiky matavimo budai. Antrajame skyriuje is-
déstomi rezultatai, pasiekti kuriant ir optimizuojant rekordinés >50W viduti-
nés ir >5TW smailinés galios OPCPA sistema, generuojancia <3 optiniy cikly
impulsus artimojoje infraraudonojoje srityje. Treciajame skyriuje aptariama
kontinuumo generacija plonose kvarco bei safyro plokstelése, kaupinamose ke-
liy simty pJ energijos femtosekundiniais 1.3-1.7pm impulsais. Ketvirtajame
skyriuje aprasomas eksperimentas, susijes su perspektyviu netiesinés impulsy
spudos metodu - netiesine impulsy spuda kristale, pasizyminciame neigiamu
netiesiniu luzio rodikliu. Disertacijos pabaigoje aptariamas metodas Yb:KGW
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lazeriu kaupinamoje parametrinéje sistemoje generuoti itin trumpus impulsus
MIR diapazone.

Praktiné nauda

Disertacinio darbo metu atlikty tyrimy rezultatai ir iSmeéginty metody aprasy-
mai gali buti praktiskai naudingi konstruojant ir optimizuojant keleto optiniy
cikly, stabilizuotos neslio fazés gaubtinés atzvilgiu generavimo ir stiprinimo
sistemas. Unikali didelés smailinés ir vidutinés galios OPCPA sistema, ku-
rioje taikomi darbo metu iStyrinéti impulsy generavimo, pasyvaus neslio fazés
gaubtinés atzvilgiu stabilizavimo, parametrinio stiprinimo ir spektrinés fazés
valdymo metodai, jau yra jdiegta ELI-ALPS lazeriy centre Vengrijoje, kur bus
naudojama kaip vienas i$ pagrindiniy centro lazeriy stipraus lauko fizikos eks-
perimentuose. Publikavimo metu Sios sistemos vidutiné galia buvo rekordiné -
didziausia mokslingje literaturoje aprasyta OPCPA sistemos galia.

Darbo metu sukurtas ir iSbandytas programinés jrangos paketas, kurj tai-
kant galima patogiai charakterizuoti impulsus chirpscan arba d-scan metodu.

Darbe pademonstruotas impulsy spudos metodas, paremtas kristalu su efek-
tyviai neigiamu netiesiniu luzio rodikliu, yra jdomus praktikoje, nes pasizymi
nedideliais nuostoliais, patogia praktine realizacija ir tinka spausti nuo keleto
iki keliy §imty pJ energijos impulsams ties ~ 1.5 um. Sis metodas - vienas
paprasciausiy budy efektyviai generuoti < 20 fs impulsus ties Siuo bangos ilgiu.

Disertacijoje aprasytas infraraudonajame diapazone derinamuy plataus
spektro impulsy generavimo metodas, pradedant nuo Yb:KGW lazerio, galé-
ty buti naudingas daugelyje spektroskopiniy taikymy. Daugelyje tokiy taiky-
my Yb jonais legiruoty lazeriy lengvai pasiekiami dideli impulsy pasikartojimo
dazniai yra didelis privalumas, tac¢iau dél siauro Yb:KGW lazeriy spektro, pa-
lyginus su Ti:safyro lazeriais, Siuo privalumu nebuvo galima pasinaudoti tais
atvejais, kai reikalingi plataus spektro impulsai.

Mokslinis tyrimy naujumas

1. Pirma karta pademonstruota didelés smailinés ir vidutinés galios OPCPA
sistema, kurios uzkratas generuojamas formuojant Sviesos gija 1.5pm
centrinio bangos ilgio, stabilios CEP impulsais.

2. Pirmg kartg charakterizuota CEP ir impulso energijos rysio koeficien-
to priklausomybé nuo fokusavimo vietos 1.3 pm impulsais kaupinamame
kontinuumo generatoriuje

3. Pirmg karta pademonstruota kontinuumo generacija plony ploksteliy se-
rijoje, kaupinant ilgesnio nei 1030 nm bangos ilgio impulsais
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4. Pirma karta iSmatuotas kontinuumo, generuojamo plony ploksteliy seri-
joje, kampinis-dazninis spektras bei CEP stabilumas

5. Pirma karta pademonstruota solitoniné savispuda kartu su oktava ap-
imancio spektro generacija PPRKTP kristale 1.3 — 2.6 pm srityje

6. Pirmg kartg pademonstruota ~ 1.8 — 2um centrinio bangos ilgio, <
30fs impulsy generacija uzkratui naudojant Sviesos gijos, sugeneruotos
1030 nm femtosekundiniais impulsais, ilgabangj sparna

7. Pirma karta pademonstruota 3 — 11.6 um srityje derinamy 31-100fs truk-
meés impulsy generacija lazerinéje-parametrinéje sistemoje, kaupinamoje
Yh:KGW lazeriu

Ginamieji teiginiai

1. Derinant pasyvia gaubtinés fazés stabilizacija bei spektro plétima for-
muojant Sviesos gija kietoje terpéje, adaptyvy spektro fazés valdyma ir
nekolineary parametrinj stiprinima, galima generuoti spektru ribotus ke-
leto optiniy cikly trukmés impulsus, kuriy smailiné galia gali siekti kelis
teravatus ir daugiau, o tokio saltinio vidutiné galia gali virsyti 50 W. Net
esant tokiai didelei vidutinei galiai, naudojami metodai uztikrina itin gera
neslio fazés gaubtinés atzvilgiu stabiluma (< 220mrad), o pasyvaus fa-
zés stabilizavimo metodo nejautrumas trikdziams leidzia CEP stabiluma
islaikyti >16 valandy.

2. Netiesinés kietos terpés, kurioje generuojamas kontinuumas, suskaidymas
i keletg plony ploksteliy, atskirty oro tarpais, leidzia generuoti tvarkingos
erdvinés ir spektrinés strukturos, didesnio negu optinés oktavos spektro
plocio kontinuuma, kaupinant 1.3 pum — 1.7 pm centrinio bangos ilgio fem-
tosekundiniais impulsais, kuriy galia virsija kritine susifokusavimo galig

Simtus-tukstancius karty, iSvengiant daugelio Sviesos giju susiformavimo.

3. Naudojant periodiskai orientuoto netiesiSkumo RKTP kristala, galima
generuoti oktava apimancio spektro ploc¢io impulsus 1.3 — 2.6 pm srity-
je, kai parenkamas kaupinimo bangos ilgis kristalo teigiamos dispersijos
srityje. Specifinj spektro plitimo pobudj siame procese nulemia dél kas-
kadinio X(2) netiesiSkumo atsirandantis neigiamas efektyvus netiesinis
luzio rodiklis, dél kurio iSvengiama Sviesos gijos formavimosi, bei artimi
kaupinimo impulso ir generuojamo kontinuumo ilgabangiy spektro kom-
ponenciy grupiniai greiciai.

4. Kombinuojant optinj parametrinj ¢irpuoty impulsy stiprinimg BBO kri-
stale ir skirtuminio daznio generacija GaSe kristale ir parinkus saveikau-
jancius bangy ilgius taip, kad buty minimizuotas grupiniy greic¢iy nede-
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rinimas, Yb:KGW lazeriu, kurio impulsy trukmé = 200 fs kaupinamoje
sistemoje galima generuoti viduriniosios infraraudonosios srities impul-

sus, kuriy trukmes gali siekti 31fs, o spektro ploéiai - 700 cm ™.
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1. Keleto optiniy cikly impulsy
saltiniai, jy charakterizavimo me-

todai ir taikymai

1.1. Saltiniai ir jy charakterizavimas

1.1.1. Lazeriniai Saltiniai

Didzioji dalis Siuolaikiniy keleto optiniy cikly impulsy Saltiniy yra paremti
Ti:safyro lazeriais. Ti:safyro lazeriné terpé pasizymi bene placiausia stiprinimo
juosta tarp visy zinomy lazeriniy terpiy, be to, safyras yra atsparus optiniams
pazeidimams, ir palyginti laidus Silumai. Visos Sios savybés leido Ti:safyro laze-
riams jsitvirtinti kaip pagrindinei ultrasparciyjy lazeriy rusiai. Vienas placiau-
siai taikomy mody sinchronizavimo lazeriuose mechanizmy - Kero lesiy mody
sinchronizavimas - buvo visy pirma atsitiktinai pastebétas butent Ti:safyro os-
ciliatoriuje. Siuo metu daugelis komerciniy Ti:safyro sinchronizuotiy mody osci-
liatoriy tiesiogiai generuoja impulsus, kuriy trukmeé siekia maziau nei 10fs [18].
Rekordiniais atvejais, kai lazerio rezonatorius sukuriamas taip, jog jame impul-
so spektras zenkliai plisty dél netiesiniy procesy, o rezonatoriaus vieno apéjimo
dispersija tiksliai kontroliuojama kruopsciai parinktais ¢irpuotais veidrodziais,
pasiekiamos net trumpesnés nei 5fs impulso trukmeés [19].

Visgi Tisafyro osciliatoriy impulsy energijos dazniausiai yra nJ eilés, to-
dél siekiant impulsy, kuriy energijos pakakty stipriuy lauky eksperimentams,
reikalingi papildomi stiprintuvai. Lazerinése terpése dél stiprinimo konturo
siauréjimo (angl. spectral gain narrowing) esant dideliam stiprinimo koeficien-
tui stiprinamo impulso spektras zenkliai siauréja: nors Ti:safyro osciliatoriuose
be didelio vargo generuojami 10fs impulsai, nesiimant specialiy spektro for-
mavimo priemoniy, stiprinant impulsus Ti:safyro stiprintuvuose iki mJ eilés
energijy, impulso spektras susiauréja iki plocio, atitinkancio keliy desimcéiy ar
simto fs trukmeés impulsus. Su Siuo efektu kovojama tarp lékiy per stiprinimo
terpe jvedant nuostolius centriniams bangos ilgiams. Dazniausiai tai atliekama
specialiai pritaikytais dielektriniais veidrodziais, kuriy atspindzio koeficientas
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ties centriniu bangos ilgiu kiek mazesnis nei spektro krastuose, taciau taiko-
mi ir sudétingesni metodai, pavyzdziui, spektro formavimas akustooptiniais
moduliatoriais [20]. Rekordiniais atvejais formuojant spektra Ti:safyro stiprin-
tuvuose pasiekiama = 15 fs impulsy trukme [21].

Ti:safyro kristalams kaupinti reikalinga =~ 500nm bangos ilgio Sviesa, o
fluorescencijos spektro maksimumas yra ties ~ 800nm. Tokia bangos ilgiy
kombinacija turi du ryskius trukumus. Visy pirma, zali lazeriniai diodai is
esmes neegzistuoja, todél Ti:safyro lazerius kaupinti reikia kity kietakuniy la-
zeriy (dazniausiai Nd:YAG ar Nd:YLF) spinduliuotés antraja harmonika. Tai-
gi, butinybé kaupinimui naudoti kietakunius lazerius didina Ti:safyro sistemuy
kompleksiskuma bei matmenis, be to, Zenkliai mazina elektrinj-optinj efekty-
vuma. Antroji ir svarbesné problema - kaupinimui naudojant = 532 nm Sviesa,
kvantinis defektas yra palyginus labai didelis: Siluma virsta virs 30% kaupinimo
fotono energijos. Taigi, vykstant priverstinio spinduliavimo procesui, Ti:safyro
aktyviuosiuose elementuose neiSvengiamai iSskiriama palyginti daug Silumos.
Didelio kvantinio defekto nulemtas Silumos iSsiskyrimas ir Sios Silumos suke-
liamas termolesis riboja Ti:safyro lazeriy pasiekiama vidutine galia. Ti:safyro
lazeriuose, generuojanciuose keleto-10 mJ eilés energijos impulsus, tipiskai is-
vystoma ne daugiau nei &~ 20W vidutiné galia. Didesne viduting galia galima
pasiekti tik kriogeniskai Saldomais, itin mazy matmeny aktyviaisiais elemen-
tais [22].

Taigi, norint generuoti keleto optiniy cikly impulsus, kuriy energija siekty
daugiau nei keleta pJ, vien Ti:safyro lazerio neuztenka. IS esmés trumpes-
nius impulsus galima gauti dviem budais: naudojant parametrinio stiprinimo
metodus, arba taikant netiesine impulsy spiidg. Siuos biidus aptarsime toli-

mesniuose skyreliuose.

1.1.2. Parametriniai Saltiniai

Netiesiniai optiniai reiskiniai buvo pradéti tirti tuoj pat po pirmojo lazerio su-
kiirimo: pirmasyk sugeneravus antraja harmonika [23], netrukus buvo suprasta,
kad netiesiniuose kristaluose gali vykti ne tik dviejy fotony susijungimo j viena
- antrosios harmonikos generacijos - bet ir atvirkscias procesas, kuriame vienas
fotonas skyla j du mazesnés energijos fotonus [24,25]. Taigi, parametriné Sviesos
generacija ir parametrinis stiprinimas buvo gerai zinomi ir neblogai istyrinéti
dar gerokai iki atsirandant pirmiesiems femtosekundiniams lazeriams. Zymy
indélj i siuos ankstyvuosius netiesinés optikos tyrimus jnesé ir lietuviai moksli-
ninkai. Bene ryskiausias toks indélis - optinio parametrinio ¢irpuoty impulsy
stiprinimo (OPCPA) metodo sukurimas [16].

Didelés energijos keleto optiniy cikly impulsus formuojant OPCPA metodu,
reikalingos kelios esminés dedamosios dalys: plataus spektro uzkrato saltinis;
didelés energijos kaupinimo lazeris; tinkami metodai impulsy plétrai ir spu-
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1.1 lentelé: Mokslinéje literaturoje paskelbty OPCPA sistemuy parametrai

’ Nuor.‘ Metai‘ Asig ‘ T ‘ Eimp. ‘ frep ‘ Uikratas‘ Kaupinimas
[28] | 2006 | 800nm| 7.6fs | 15.5mJ| 30Hz Ti:safyro| lempinio
0scC. kaupinimo
Nd:YAG

[29] | 2012 | 2.1wm | 10.5f4 1.2mJ | 3kHz Ti:safyro| Yb:YAG
RA + | plono

HCF + | disko
DFG
[27] | 2017 | 750nm| 4.5 | 75 10Hz Ti:safyro| lempinio
fs mJ RA + | kaupinimo
HCF Nd:YAG
2H+3H
[30] 2018 | 800nm| 20fs | 8861J | 100kHz WLG Yb:YAG
InnoSlab

[31] | 2018 | 900nm| 6.9fs | 42mJ | 10Hz Ti:safyro| Yb:YAG
RA + | plono
HCF disko

[32] 2018 | 2um 17fs | 100 uJ | 100kHz | WLG Yb:YAG
+ DFG | InnoSlab

[33] 2018 | 3 pm | 40fs | 150 uJ | 100kHz | WLG Yb:YAG
+ DFG | plono
disko

dai valdyti - dispersijos valdymo sistema. Siekiant praplésti kristaly stiprinimo
juostas, dazniausiai OPCPA sistemose pasitelkiama nekolineari geometrija arba
issigimusi I tipo saveika [26], o patys trumpiausi impulsai stiprinami naudojant
nekolineariag geometrija ir dviejy skirtingy bangos ilgiy spinduliuote [27]. 1.1
lenteléje apzvelgiamos kelios OPCPA sistemos, ties skirtingais bangy ilgiais
generuojancios itin trumpus ir didelés energijos impulsus. Tobuléjant Yb la-
zeriams, vis daugiau moksliniy grupiy ryztasi pradéti formuoti uzkrata ne nuo
Ti:safyro osciliatoriy, o nuo baltos $viesos kontinuumo, generuojamo Yb lazeriy
impulsais.

1.1.3. Netiesiné ultratrumpyjy impulsy spuda kapiliaruo-
se

Kaip matéme ankstesniuose skyreliuose, nors saltiniy, iSsyk generuojanciy ke-
leto optiniy cikly impulsus, pasirinkimas yra gan ribotas, budy generuoti keliy
simty ar keliy desimciy femtosekundziy impulsus yra nemazai. Visgi daugeliui
taikymy, ypac taikymams, susijusiems su pavieniy atosekundiniy impulsy ge-
neravimu, tokios impulso trukmeés yra per ilgos. Pastebéjus, kad esminis impul-
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so trukme ribojantis faktorius - ribota daugumos saltiniy palaikoma spektriné
juosta, tampa akivaizdu, jog, norint impulsus suspausti labiau, reikia kokiu nors
budu isplésti jy spektra. Placiai taikomy spektro plétimo metody pagrindas -
Sviesos impulsy fazés moduliavimosi reiskinys, vykstantis intensyviems impul-
sams sklindant per i$ esmés bet kokia opting terpe. Tai - vienas i seniausiai
Zinomy netiesineés optikos reiskiniy, pirmasyk aprasytas dar 1967 metais [34].
Pazymeéjus pradinio impulso gaubtinés amplitude A(t) ir sunormavus A(t) taip,
kad |A(t)|? atitikty intensyvuma, lygtis, apraSanti impulso sklidimg per terpe,
kurioje vyksta fazés moduliavimasis (kai neatsizvelgiama j jokius kitus efektus,
tokius kaip dispersija, difrakcija, galimi kiti netiesiniai procesai), yra tokia:

w = —iB|A(t, 2)|* A(t, 2) (1.1)
kur z - sklidimo koordinate, g = ”2,\:7% - netiesiskumo koeficientas, kuriame
ng - terpés netiesinis luzio rodiklis, Ag - impulso centrinis bangos ilgis, o ng -
terpés tiesinis luzio rodiklis ties Ag. Sios lygties sprendinys yra

A(t,z) = A(t,0) - exp |—iB | Ao(t)]* 2 (1.2)

Vykstant grynam fazés moduliavimuisi, nekinta nei impulso energija, nei im-
pulso laikiné forma, taciau atsiranda naujos spektrinés komponentés. Taigi,
impulsa, kurio spektras iSpléstas tusc¢iaviduriame Sviesolaidyje, dar reikia su-
spausti. Nors tai galima atlikti jprastais prizminiais spaustuvais [35], vienas i§
esminiy proverziy, leidusiy tuséiavidurius Sviesolaidzius pradéti placiai taikyti
impulsams spausti, buvo poromis derinamy placiajuosciy cirpuoty veidrodziy
sukurimas ir iStobulinimas. Derinant spektro plétima kapiliaruose ir specialiai
tam pritaikyta suderinty ¢irpuoty veidrodziy pora, pademonstruota impulsy
spuda iki 3 fs [36].

Kitas zZenklus postikis impulsy spudoje naudojant kapiliarus jvyko suku-
rus lankscius stiklinius tuséiavidurius $viesolaidzius, kurie yra iStempiami [37].
Toks sprendimas labai palengvina darba su itin ilgais Sviesolaidziais (>3m),
kuriuos gaminant kitomis technologijomis labai sunku uztikrinti gera kanalo
kokybe ir tiesuma per visa Sviesolaidzio ilgj. Naudojant tokius ilgus sviesolai-
dzius, pademonstruota keleto mJ impulsy spuda iki trukmeés, siekiancios vos
daugiau nei 1 optinj cikla, tokiu budu pasiekiant 1TW smailine galia [38].

Nors realizuojant netiesing impulsy spudag galima zenkliai iSplésti impulso
spektra, mazesné pradiné impulso trukmé §j procesa gerokai palengvina, todél
dauguma ankstesniyjy rekordiniy rezultaty buvo pasiekti su Ti:safyro lazeriais
arba Ti:safyro lazeriais kaupinamais parametriniais stiprintuvais [39]. Visgi,
populiaréjant Yb jonais legiruotiems lazeriams, viena naujausiy tendencijy, at-
siranda ir sékmingy bandymy pritaikyti impulsy spuda kapiliaruose ir Yb jonais
legiruotiems kietakuniams ar sviesolaidiniams lazeriams. Bandant plésti tokiy
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salygiskai siauro spektro impulsy spektra tiek, kad galutinj impulsa buty galima
suspausti iki keliy optiniy cikly trukmeés, tikétina, kad buty gaunama stipriai
moduliuota i§vadinio spektro forma ir prastas impulso spiidumas. Sj ribojima
galima apeiti naudojant dvi impulsy spudos pakopas: pirmame Sviesolaidyje
impulso spektras iSplec¢iamas iki plocio, palaikancio ~ 30 fs trukmeés impulsus,
taciau dar iSvengiant didelés spektro moduliacijos; Sie impulsai suspaudziami
¢irpuotais veidrodziais ir jvedami j antra Sviesolaidj, kuriame spektras plecia-
mas toliau [40]. Taip pat, taikant ankséiau minétus tamprius kapiliarus, rea-
lizuota Yb:KGW lazerio impulsy spuda nuo 170fs iki 5.1 fs viename kapiliare,
taciau jo ilgis buvo net 6 metrai [41].

Nors impulsy spudos kapiliaruose principas yra labai paprastas, o pluosto
iSvalymas kapiliare yra zenklus Sios schemos privalumas, visgi $i schema turi
tam tikry ribojimy. Visy pirma, Sviesolaidziai yra labai jautrus pluosto jvedi-
mo krypéiai ir padécdiai. Dirbant su didelés energijos impulsais, menki pluosto
krypties poky¢iai gali reiksti, kad pluostas pataikys ne tiksliai j Sviesolaidzio
ertmés centrg, ir Sviesolaidis gali buti pazeistas. Antra, nors principas ir pa-
prastas, techniskai ji realizuoti, ypa¢ didesnés energijos impulsams, ne visada
lengva, nes norint efektyviai jvesti spinduliuote j Sviesolaidj, reikia fokusuoti
labai is léto. Tai reiskia, kad pluostas gan ilga kelig dar pries Sviesolaidj turi
sklisti budamas mazo diametro, taigi ir didelio intensyvumo. Tokiu atveju dar
pries impulsui patenkant j Sviesolaidj gali pasireiksti nepageidaujami netiesi-
niai efektai, dél kuriy gali prastéti jvedamo pluosto kokybeé, o dél to nukencia
ivedimo j sviesolaidj efektyvumas. To galima iSvengti didesne pluosto sklidi-
mo trajektorijos dalj patalpinant vakuume, taciau, kad spektras plisty, pats
Sviesolaidis privalo buti uzpildytas dujomis, taigi sprendimas reikalauja dife-
rencialinio pumpavimo schemuy, o visa sistema tampa gana sudétinga [38]. Ga-
liausiai, kadangi naudojant Sig schema, didzioji dalis spektriniy komponenciy
sugeneruojamos tik Sviesolaidzio iséjime, taikyti aktyvias spektro fazés valdy-
mo technologijas, kurios galéty uztikrinti impulsy suspaudimg iki pat Furjé
ribos (akustooptinius moduliatorius, skystujy kristaly impulsy formuotuvus)
iS esmeés nejmanoma, todél kapiliaruose spaudziami impulsai daznai pasizymi
priesimpulsiais ar poimpulsiais, atsirandanciais dél aukstesniy eiliy dispersi-
jos, kuria tiksliai kompensuoti vien ¢irpuotais veidrodziais labai sunku. Dél to
tokias schemas kiek sudétingiau taikyti eksperimentuose, kuriuose reikia pada-
linti pluosta ar atlikti kitokias manipuliacijas pries impulsui pasiekiant taikinj.
Galiausiai, nors taikant itin ilgus lankscius kapiliarus ar kitus metodus [42—44],
kuriais galima sumazinti intensyvuma kapiliare ar kitaip pristabdyti kapiliara
uzpildanciy dujy jonizacija, didziausios pademonstruotos isvadinés kapiliaruose
suspausty impulsy energijos, kai suspausto impulso trukmé siekia 1-2 optinius
ciklus, yra ~ 3 —5mJ [38,45]. Tiesa, didesniy energijuy (22mJ) impulsy spuda
buvo realizuota ties 3.9 um bangos ilgiu, taciau ir suspausto impulso trukmé
buvo gana ilga - 33 fs [46].

24



1.1.4. Neslio fazé gaubtinés atzvilgiu (CEP) ir jos mata-
vimas f — 2f interferometrais

Siekiant valdyti daugelio stipraus sviesos lauko lazeriy fizikos reiskiniy, tokiy
kaip aukstyjy harmoniky ar pavieniy atosekundiniy impulsy generacija, virs-
slenkstiné jonizacija ir kt., eiga, reikalingi kontroliuojamos elektrinio lauko vir-
pesiy formos impulsai, nes Siy procesy eiga lemia ne sviesos impulso gaubtinés,
o elektrinio lauko osciliaciju forma [47-49], kuri nusakoma impulso gaubtine
ir gaubtinés faziniu poslinkiu (angl. carrier-envelope offset phase). Nesiimant
papildomy priemoniy, lazeriniy Saltiniy generuojamy impulsy gaubtinés fazi-
nis poslinkis i§ esmés yra atsitiktinis, todél svarbus papildomas reikalavimas
lazeriniams Saltiniams, taikomiems stipraus lauko fizikos eksperimentuose, yra
stabilizuotas gaubtinés fazinis poslinkis. Siuo metu sukurta keletas pagrindiniy
metody stabilizuoti lazerinius osciliatorius, taciau siuos metodus taikyti prak-
tiskai yra gana sudétinga [50,51]. Idomi alternatyva aktyviai gaubtinés fazinio
poslinkio stabilizacijai - pasyvi stabilizacija, realizuojama taikant skirtuminio
daznio generacija [52]. Siuo atveju galima dirbti su nestabilizuotu osciliatoriu-
mi, o léto gaubtinés fazés dreifo kompensavimas palyginti nesudétingas [53].

Neslio fazés gaubtinés atzvilgiu fizikiné prasmeé

Tiesiskai poliarizuoto, nemoduliuoto daznio $viesos impulso elektrinio lauko
stiprio kitimas laike F(t) bendruoju atveju gali buti iSreikstas

E(t) = A(t) cos(wot + ¢). (1.3)

kur A(t) yra impulso kompleksiné gaubtiné, o nesanciuoju dazniu wq lai-
komas impulso spektro masés centras. Susiejus laiko atskaita su gaubtinés
maksimumu, t.y., laikant, kad gaubtinés maksimumas yra ties ¢ = 0 , para-
metras ¢ nurodys, nesanc¢iojo daznio bangos faze gaubtinés maksimumo taske.
Taigi, parametro ¢, lietuviskoje literaturoje vadinamo gaubtinés faziniu poslin-
kiu (GFP), fizikiné prasmé yra paprasta: ¢ nusako neSanciojo daznio bangos
maksimumo poslinkj gaubtinés maksimumo atzvilgiu. Jei Sviesos impulso truk-
mé palyginama su nesanciojo daznio periodu, ¢ verté gali turéti zymia jtaka
E(t) formai, kaip pavaizduota 1.1 pav. Ypatinga reikSme ¢ verté jgyja tiriant
slenkstinius procesus, kurie stipraus lauko lazeriy fizikoje yra dazni.

Bendruoju atveju sinchronizuoty mody lazeris spinduliuoja impulsy vora,
kurioje kiekvieno impulso gaubtinés fazé atsitiktiné. Tokie Saltiniai netinka-
mi stipraus lauko fizikos eksperimentams, nes gaunami daugiasuviy matavimuy
rezultatai bus suvidurkinti pagal ¢ vertes. Vienas i$ paplitusiy sprendimy - ak-
tyvi gaubtinés fazés stabilizacija, kai moduliuojant, pavyzdziui, sinchronizuoty
mody lazerj kaupinancio diodinio lazerio galia, stabilizuojamas gaubtinés fazés
kitimo daznis. Daznai §is daznis fiksuojamas ties dazniu f = frep/4, kur frep -
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1.1 pav.: Neslio fazés gaubtinés atzvilgiu ¢ jtaka vieno optinio ciklo trukmeés
impulso elektrinio lauko formai

E E
1%

impulsy pasikartojimo daznis voroje [50]. Tokiu atveju gaubtinés fazé atsikar-
toja kas ketvirtg voros impulsa. Tai, kad trys i$ keturiy voros impulsy tampa
nepanaudojami, paprastai nekelia problemos, nes sinchronizuoty mody osci-
liatoriuose impulsy pasikartojimo dazniai yra desimc¢iy MHz eilés, o ¢irpuoty
impulsy stiprinimo sistemose pasikartojimo dazniai siekia daugiausiai ~ 1MHz,
bet dazniau buna gerokai mazesni.

Gaubtinés fazinio poslinkio kitimas parametrinése Sviesos bangy sg-
veikose

Aptarsime sarysius tarp Sviesos bangy keturbangéje parametrinéje saveikoje,
atsakingoje uz impulsy spektro plitima dél fazés moduliavimosi, ir tribangéje
parametrinéje saveikoje [52].

Fazés moduliavimasi galima traktuoti kaip keturbangj maisyma, kai naujas
dazninis komponentas wy atsiranda saveikaujant trims impulso pradinio spektro
komponentams w;_3. Sioje saveikoje tarp kiekvienos bangos dazniui w; ir fazei
¢; galioja sarysiai

Wy = W1 + W — W3

1.4
¢4=g+¢1+¢2—¢3 14

Matyti, kad jei dazniy w;_3 bangos turi vienoda faze ¢1 = ¢o = ¢3 = ¢,
naujai sukurtas dazninis komponentas turés faze ¢4 = ¢+ /2. Taigi kontinuu-
mo generacijos metu impulso gaubtinés fazé paslenkama per konstanta, taciau
gaubtinés fazés kitimas tarp impulsy islaikomas.

Paprasciausias tribangis parametrinis procesas - antrosios harmonikos gene-
racija. Generuojant daznio w; antraja harmonika, sgveikaujanciy bangy daz-
nius ir fazes nusako lygtys

Wahp :2wf

1.5
Gan =205 + T (1-5)

2

Kitas tribangés parametrinés saveikos antros eilés netiesiskumo kristaluose
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atvejy - optinis parametrinis stiprinimas. Optinio parametrinio stiprinimo me-
tu energija is intensyvios kaupinimo bangos su dazniu wy perduodama silpnai
daZnio ws signalinei bangai, kartu generuojant Salutine (arba skirtuminio daz-
nio) banga. Yra zinoma, kad parametrinio stiprinimo metu signalinés bangos
gaubtinés fazé nekinta, be to, galioja sarysiai [54]

Ws = Wk — Ws

1.6
b5 = b~ a3 o

¢ia ¢; zymi bangos faze, o indeksai k, s ir § zymi atitinkamai kaupinimo, sig-
naline ir salutine bangas. Akivaizdu, kad jei ¢, = ¢ = P, Salutinés bangos fazé
bus lygi ¢35 = —m/2, taigi, nepriklausys nuo ®. Taigi Salutinés bangos gaubtinés
fazé gali biiti savaime (pasyviai) stabilizuota. Sis parametrinés saveikos atvejis
sekmingai realizuojamas, kai signalinis ir kaupinimo impulsai gaunami is to pa-
ties lazerio impulso su faze ¢, signalinio impulso spektra praplétus keturbange
saveika. Svarbu pastebéti, kad jei signaliné banga generuojama is lazerio im-
pulso pirmosios harmonikos, kaupinant lazerio antraja harmonika pasyvi fazés
stabilizacija nevyksta, nes (is (1.5) ir (1.6) formuliy)

¢§=¢k—¢s—g= g—w—gz (1.7)

Kita vertus, jei ir signaliné, ir kaupinimo bangos formuojamos i$ lazerio

2¢ +

impulso antrosios harmonikos, fazé sékmingai stabilizuojama.

Savaiminé salutinés bangos gaubtinés fazés stabilizacija placiai taikoma IR
spektro srityje veikianc¢iuose parametriniuose stiprintuvuose [55-57]. Yra dar-
by, kuriuose uzfiksuotas ilgalaikis (valandy laikotarpyje) Salutinés bangos gaub-
tinés fazés vidutinis kvadratinis nuokrypis nuo vidutinés vertés siekia 100 mrad
ir mazesnes vertes [53,58]

Neslio fazés gaubtinés atzvilgiu stabilumo matavimas f-2f interfero-

metru

Vienas paprasciausiy budy iSmatuoti Sviesos impulsy voros gaubtinés fazés
fliuktuacijas laike yra f — 2f interferometras, kurio veikimas pagristas mu-
Simy tarp impulso ir jo antrosios harmonikos stebéjimu dazniy erdvéje [59)].
Tipiska f — 2f interferometro schema pavaizduota 1.2 pav. Impulsas, kurio
gaubtinés fazé ¢, fokusuojamas j netiesine terpe, kurioje generuojamas super-
kontinuumas. Superkontinuumo generacija reikalinga impulso spektrui prap-
lésti iki optinés oktavos, t.y, kad egzistuoty toks daznis w, kad impulso spektrui
priklausyty ir w, ir 2w. Jei matuojamojo impulso spektras ir taip apima optine
oktava, kontinuumo generuoti nereikia. IS 1.4 lygties matyti, kad generuojamo
kontinuumo gaubtinés fazé ¢psx = ¢ + m/2. Toliau generuojama kontinuumo

antroji harmonika, fazinj sinchronizma parinkus taip, kad antrosios harmonikos
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1.2 pav.: f — 2f interferometro principiné schema. L: lesis; WLG: kontinu-
umo generatorius; SHG: antros harmonikos kristalas; Pol: poliarizatorius; S:
spektrometras

ir kontinuumo spektrai bent is dalies persikloty. Antrosios harmonikos abso-
liutiné fazé ¢pag = 2¢s, + /2 = 2¢ + 37/2. Poliarizatoriumi suprojektavus
kontinuumo ir antrosios harmonikos poliarizacijas | viena tiese, dazniy erdvéje
bus stebima interferencija tarp kontinuumo trumpabangés dalies ir antrosios
harmonikos impulsy.

Spektrometru registruojamas galios spektras S(w) isreiskiamas

S(w) = Ssx (W) + Sam(w) +2v/Ssx (w)San(w) cos(p + wry) (1.8)

¢ia 7,- kontinuumo meélynosios dalies vélinimas antrosios harmonikos impul-
so atzvilgiu. ISmatavus spektra, gaubtinés fazés verte pridedamos konstantos
tikslumu galima apskaic¢iuoti taikant spektrinéje interferometrijoje standarting
procedura, aprasyta [60]. Praktikoje f — 2f interferometru nustatyti pavienio
impulso gaubtinés fazés absoliutine verte nejmanoma, taciau, stebint spektro
kitima, nesunku registruoti, kaip bégant laikui keiciasi gaubtinés fazé ir jvertinti
jos stabiluma. Svarbu pazymeéti, kad f — 2f interferometru matuojama gaub-
tinés fazés verté gali fliuktuoti ne tik dél matuojamojo impulso gaubtinés fazés
fliuktuacijy, taciau ir dél matuojamojo impulso energijos fliuktuaciju [61,62].

1.1.5. Impulsy laikinis charakterizavimas kryzminiu daz-
ninés skyros optinés sklendés (XFROG) metodu

Pilnas femtosekundiniy impulsy charakterizavimas néra paprastas uzdavinys,
taciau metody, skirty matuoti impulsams, yra nemazai. Vienas populiariausiy
metody - antrosios harmonikos dazninés skyros optiné sklendé (SHG-FROG)
[63,64]. Sis matavimas atliekamas padalinant matuojama pluosta pluosto da-
likliu ir vél suvedant netiesiniame kristale, kuriame generuojama antroji har-
monika (tiksliau sakant, dvieju padalinty pluosty suminis daznis), ir spekt-
rometru registruojant antrosios harmonikos spektrinio intensyvumo Igpa (M)
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1.3 pav.: Principiné XFROG matavimo schema. Z: zonduojantis impulsas;
IR: impulsas IR srityje, kurj norime charakterizuoti; 7: vélinimo linija; SFG:
suminio daznio kristalas; A: apertura; S: spektrometras

priklausomybe nuo vélinimo 7 tarp padalinty impulsy. Gavus priklausomybe
Ispc (), 7), naudojant specialy skaitinj algoritma i$ Siy duomeny galima pil-
navertiskai charakterizuoti matuojamojo impulso laikine forma bei jo fazine
moduliacija [65].

SHG-FROG metoda taikyti infraraudonosios srities impulsams yra neleng-
va, nes geriausiai veikiantys plac¢iai prieinami spektrometrai, kuriuose naudo-
jami detektoriai silicio pagrindu jautrus tik iki ~ 1.1 pm. Jei laikome, kad
1.1 pm bangos ilgio spinduliuoté sugeneruota kaip antroji harmonika, vadina-
si, SHG-FROG metodu matuoti galima tik impulsus, kurie neturi spektriniy
komponenciy, kuriy bangos ilgis virsija 2.2 pum. Svarbu atsizvelgti ir j tai, kad
tam, jog buty galima pasikliauti FROG matavimo rezultatais, butina iSmatuoti
visa FROG paveikslg - FROG matavimo signalas ties kiekvienu bangos ilgiu
netiesiskai priklauso nuo matuojamojo impulso visy spektriniy komponenciy
intensyvumy ir faziy [66]. Jei norime matuoti trumpus (keliy desiméiy femto-
sekundziy ar trumpesnius impulsus), toks apribojimas reigkia, jog matuojamo
impulso centrinis bangos ilgis neturéty buti didesnis nei ~ 1.9 um. Vienas
paprasciausiy buty apeiti §j ribojima - naudoti XFROG metoda [67,68].

SFG-XFROG matavimo principiné schema pavaizduota 1.3 pav. Kaip ir
iprasty FROG matavimy atveju, matuojama dvieju impulsy netiesinéje sa-
veikoje generuojamo impulso spektro priklausomybé nuo vélinimo tarp dviejy
pradiniy impulsy. Skirtumas tas, kad pradiniai impulsai gali ateiti i$ skirtin-
gy Saltiniy (kurie tik turi buti sinchronizuoti). Skenuojant vélinima tarp Siy
dviejy impulsy, matuojamas jy suminio daznio spektro kitimas. Jei vienas i$
impulsy yra charakterizuotas atskirai, naudojant modifikuotg FROG atkurimo
algoritma galima iS suminio daznio signalo atstatyti kito impulso charakteris-
tikas [67].

XFROG turi kelety ryskiy privalumy, atsiskleidzianciy matuojant mazos
energijos impulsus, sudétingus impulsus ir impulsus ties bangos ilgiais, ties
kuriais tiesioginés detekcijos galimybés yra prastos. Pirmasis ir antrasis priva-
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lumas isryskéja paziuréjus | XFROG signalo matemating israiska, kuri yra
Ixrroc (w,m) =|§[Ez(t —7) - Ep(t)]]?, (1.9)

Ey ir Ep atitinkamai zZymi zinomo zonduojancio impulso ir matuojamojo im-
pulsy amplitudes, 7 zymi vélinima tarp impulsy, o § zymi Furjé transformacija.
IS (1.9) matyti, kad matuojamas signalas proporcingas ne tik matuojamojo im-
pulso, bet ir zonduojancio impulso amplitudei. Taigi, net jei matuojamasis
impulsas yra mazos energijos arba turi silpny spektriniy komponenciy, matuo-
jamo signalo amplitude galima padidinti naudojant intensyvesnj zonduojantj
impulsa. Kitas privalumas iSryskéja pastebéjus, kad (1.9) israiskos forma yra
visiskai analogiska spektrogramos israiskai. Taigi, XFROG signalas yra spekt-
rograma (bent jau jei Ez(t) forma yra glotni), o spektrograma iSsyk pateikia
informacijg apie spektriniy komponenciy laikinj pasiskirstyma, laike, taigi XF-
ROG matavimy rezultatus lengva interpretuoti, net jei neatliekamas pilnas im-
pulso atkurimas specialiu algoritmu. Dar vienas privalumas - jei eksperimente
galima rasti tinkamo bangos ilgio zonduojant] impulsa, SFG-XFROG signalo
centrinj bangos ilgj taip pat galima pasirinkti taip, kad ji buty patogu detek-
tuoti. Kadangi suminio daznio bangos ilgis visada trumpesnis nei bet kurio is
sumuojamy impulsy, parinkus 700 — 750 nm bangos ilgio zonduojantj impulsa,
bet kokio aktualaus IR srities impulso signalas bus regimojoje srityje.

Svarbu pastebéti, kad XFROG laikiné skyra néra ribojama zonduojancio
impulso trukmeés. Taip yra todél, kad XFROG signale yra informacija ir apie
spektrines, ir apie laikines abiejy impulsy charakteristikas. Jei zonduojantis
impulsas yra daug trumpesnis lyginant su matuojamuoju impulsu, XFROG
signalas gaunamas su gera laikine skyra, taciau suniveliuoja smulkesnes detales
dél neisvengiamai plataus zonduojancio impulso spektro. Atvirksciu atveju, kai
zonduojantis impulsas yra siauresnio spektro ir ilgesnis nei matuojamas impul-
sas, XFROG signale daugiau informacijos lieka spektro koordinatéje. Idealiu
atveju zonduojancio impulso trukmé, turéty buti artima matuojamo impulso
trukmei, taciau si salyga néra griezta, ir adekvaciai atkurti impulsa is XFROG
signalo galima ir tada, kai impulso trukmeés skiriasi keleta karty [69]. Svarbu
pabrézti, kad, kitaip nei matuojant kryzmine koreliacija be spektrinés skyros,
XFROG atveju zonduojantis impulsas, daug trumpesnis, nei matuojamasis im-
pulsas, dideliy privalumy nesuteikia.

1.2. Taikymai

1.2.1. Auksty eiliy harmoniky generacija

Viena pagrindiniy taikymy sriciy, kur reikalingi itin trumpi, salygiskai didelés
energijos impulsai su stabilizuota nesanciojo daznio faze gaubtinés atzvilgiu -

30



aukstyju harmoniky generacija. Nors formaliai ziurint auksty harmoniky (iki
11 eilés) didelio intensyvumo (= 10* W/cm?) lazerio spinduliuotei saveikau-
jant su kietu taikiniu reiskinys pirmiausiai buvo pastebétas dar 1977 metais [70],
aukstos eilés harmoniky generacija inertinése dujose, kuri dabar tiriama ir tai-
koma gerokai intensyviau, buvo stebéta tik dar po 10 metuy [71]. Aukstuju
harmoniky generacija inertinése dujose pusiau klasikiniame artinyje aiskinama
triju Zingsniy modeliu [72,73]. Pirmajame etape elektronas, veikiamas inten-
syvaus lazerio elektrinio lauko, yra islaisvinamas iS atomo. Antrajame etape
islaisvintas elektronas yra lazerio elektriniame lauke greitinamas ir jgauna tam
tikra kineting energija. Pasikeitus lazerio elektrinio lauko krypciai, elektronas
grazinamas j atoma. Elektronui rekombinuojant, pertekliné kinetiné energi-
ja yra iSspinduliuojama didelés energijos fotono pavidalu. [74] parodyta, kad
maksimali iSspinduliuojamo fotono energija E yra

E = I, +3.170, (1.10)

¢ia I, - terpés, kurioje generuojamos harmonikos, jonizacijos potencialas, o
U, - ponderomotyvinis potencialas, kurj lemia lazerio intensyvumas ir lazerio
spinduliutoés centrinis bangos ilgis: U, o< I A2, Matyti, kad norint generuoti
didesnés energijos fotonus, galima pasirinkti viena is 8iy varianty:

¢ Pasirinkti dujas su didesniu jonizacijos potencialu
¢ Didinti lazerio intensyvuma

o Didinti lazerio bangos ilgj

Dujy pasirinkimas yra ribotas, be to, naudojant aukstesnio jonizacijos po-
tencialo dujas, mazéja aukstyjy harmoniky generacijos efektyvumas [75]. Nors
naudojant daugelj siuolaikiniy Saltiniy galima pasiekti ir zymiai didesnius in-
tensyvumus, didinti lazerio intensyvuma Zenkliai virs ~ 105 GW /cm? nepra-
sminga, nes esant per dideliam intensyvumui jonizuojama vis didesné dalis du-
ju atomy, o tai lemia kaupinimo pluosto defokusavima ir prastéjantj aukstyju
harmoniky generacijos efektyvuma [76]. Taigi, siekiant generuoti kuo didesnés
energijos fotonus, kaupinimo Saltiniai, spinduliuojantys ties ilgesniais bangos
ilgiais nei &~ 1 um, yra labai svarbus, nors bendras aukstyjuy generacijos efekty-
vumas didéjant kaupinimo bangos ilgiui ir sparciai mazéja [77]. Itin aktualus
biologiniams objektams tirti yra vadinamasis ,vandens lango“diapazonas, ap-
imantis sritj tarp anglies atomy K sluoksnio sugerties ties 282eV (4.40nm) ir
deguonies atomuy K sluoksnio sugerties ties 533¢V (2.33nm). Jis svarbus tuo,
kad Rentgeno spinduliuote Siame diapazone anglies atomai (ir dél to organinés
molekulés) sugeria, o vanduo - praleidzia. Tokiu budu galima tirti biologinius
bandinius jy pries tai neisdziovinus. Nors pirmieji eksperimentiniai duomenys,

irode, kad generuojant aukstasias harmonikas dujose, galima pasiekti tokia di-
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dele fotono energija, buvo atlikti su Ti:safyro sistemomis ir/arba taikant netie-
sine spuda [78,79], generuojami fotony srautai buvo itin mazi. Daug efektyviau
siame diapazone koherentiné spinduliuoté generuojama su ilgesniy bangos ilgiy
(1.3 — 2.1 um) kaupinimo Saltiniais [7], o harmoniky eilés, siekianc¢ios >5000-
aja harmonika, ir aukstyjy harmoniky fotony energijos, virsijancios 1.5keV,
buvo pademonstruotos su 3.9 pm parametriniu kaupinimo Saltiniu [80]. Patys
trumpiausi atosekundiniai impulsai - 43 as - buvo pademonstruoti naudojant
parametrinj stiprintuva, kurio spinduliuoté dar buvo netiesiskai suspausta iki
<2 optiniy cikly trukmeés [81].

Paciy aukstyjy harmoniky spinduliuotés taikymai siejasi su svarbiausiomis
sios spinduliuotés ypatybémis. Dél trumpy harmoniky bangos ilgiy ir gero
erdvinio koherentiskumo 8i spinduliuoté taikoma koherentiniame difrakciniame
vaizdinime [82]. Itin trumpa impulsy trukmé leidzia realiu laiku stebéti pacius
sparciausius gamtoje randamus procesus: atliekami atomy jonizacijos dinami-
kos tyrimai [83], itin sparty magnetizacijos suirima kietuosiuose kunuose [84],
pavieniy atomy relaksavima is biiseny, kai suzadinami vidiniy sluoksniy elekt-
ronai [85]. Kita jdomi tyrimy kryptis - XUV/ minkstojo* Rentgeno diapazono
netiesiné optika. Tam reikalingi kuo didesnés energijos atosekundiniai impul-
sai. Kaip minéta, lazerio intensyvumo didinimas zenkliai virs 10'° W/ch,
prasmés neturi, taciau didesnés energijos lazerio impulsas leisty tokj intensy-
vuma palaikyti - ir generuoti aukstasias harmonikas - didesniame plote, kartu
didinant atosekundinio impulso energija. Sia kryptimi bene geriausi rezultatai
pasiekti [8], kur buvo naudojami 75mJ, < 5fs impulsai i§ OPCPA sistemos.
Tokiu budu jmanoma stebéti dvifotone jonizacija atosekundiniais impulsais.

1.2.2. Lazeriu indukuota elektrony difrakcija

Veikiant intensyviam lazerio elektriniam laukui, iS atomy ir molekuliy islais-
vinami elektronai. Praeitame skyrelyje aptaréme, kad elektrinio lauko islais-
vintiems ir pagreitintiems elektronams rekombinuojant su gimtuoju jonu spin-
dulivojami didelés energijos fotonai, taciau tai - ne vienintelis galima jvykis:
griztantis link atomo elektronas dar gali ir difraguoti nuo jono, ir buti issklai-
dytas. Sis procesas vadinamas lazeriu indukuota elektrony difrakcija (LIED).
Registruojant tokiy elektrony erdvinj pasiskirstyma, galima vaizdinti elektrony
orbitaliy forma [86].

Kaip ir aukstyjy harmoniky generacijoje, LIED yra svarbu, iki kokios ener-
gijos yra pagreitinami is atomo islaisvinti elektronai, nes didéjant sklaidomo
elektrono energijai, geréja difrakcinio vaizdo skyra. Kadangi procesas analo-
giskas aukstyjuy harmoniky generacijai, galioja ta pati ponderomotyvinio po-
tencialo iSraiska: U, oc I A2, i§ kurios aiskéja, jog ir Siuo atveju naudingi
kuo ilgesnio bangos ilgio lazeriniai Saltiniai. Naudojant 1.7 um-2.3 um impul-
sus, buvo pademonstruota, jog LIED galima stebéti deguonies rysio molekuléje

32



ilgio poky¢ius (0.1A) [87].

Islaisvinamy elektrony tarpusavio saveika riboja elektrony skaiciy, kuriuos
galima islaisvinti per vieng lazerio suvj neprarandant informacijos. LIED eks-
perimentas, apraSytas [11], atliktas su didelio pasikartojimo daznio (160 kHz)
OPCPA sistema, generuojancia impulsus ties 3.1 pum. Toks matavimo pageri-
nimas leido vaizdinti didesnes molekules. Be to, ten pat parodyta, jog anali-
zuojant skirtingy energijy elektronus, LIED matavime molekulés konfiguracijos
poky¢ius galima sekti su <1fs eilés laikine skyra ir < 10pm erdvine skyra.
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2. Didelés vidutinés ir smailines
galios OPCPA sistemos, generuo-
jancios keleto optiniy cikly truk-
meés impulsus

Siame skyriuje pristatomi rezultatai paskelbti publikacijose I, II, III, IV ir
V.

Lazeriniai Saltiniai, generuojantys TW eilés smailinés galios impulsus, yra
aktualus moksle visy pirma todél, kad tokiais kaupinimo Saltiniais galima gene-
ruoti salygiskai didelés energijos ir atosekundinés trukmeés impulsus XUV dia-
pazone [27]. Tokiose naujose taikymu srityse kaip XUV netiesiné optika ir ato-
sekundinis lazeriy mokslas visy pirma reikalinga lazerio impulso smailiné galia.
Siekiant generuoti pavienius atosekundinius impulsus, svarbu ir kuo trumpesné
kaupinimo impulso trukmé. Generuojant aukstasias harmonikas ne dujose, o
kietuose kunuose, ypatinga reikSme jgyja ir impulso laikinis kontrastas. Vi-
sais atvejais svarbus papildomas parametras yra didelis impulsy pasikartojimo
daznis ir Saltinio vidutiné galia. Placiausiai paplitusi didelés smailinés galios
ultratrumpyjy impulsy technologija Siuo metu yra Ti:safyro lazeriai. Taciau
dél didelio kvantinio defekto Ti:safyro aktyviuosiuose elementuose generuoja-
ma daug Silumos, kuri riboja vidutine galia, kuria galima pasiekti nesant dideliy
terminiy iSkraipymu lazeriniame stiprintuve [88]. Rekordinés didelés energijos
Ti:safyro lazeriy vidutines galios siekia mazdaug 20W, pvz., [22,89]. Yra pasiu-
lyta apeiti vidutinés galios ribojimus naudojant Ti:safyro lazerinius elementus
plono disko geometrijoje. Skaitinio modeliavimo rezultatai rodo, kad tokiu me-
todu turéty buti jmanoma pasiekti simty W eilés vidutines galias, taciau kol
kas si idéja yra gana ankstyvoje stadijoje, ir eksperimentiskai pademonstruoti
rezultatai kol kas siekia mazdaug tokia pacia viduting galia, kokia pasiekiama
tradicinés geometrijos Ti:safyro lazeriuose - 26W [90]. Daugelj iy problemuy
sprendzia OPCPA technologija. Kaip ir Ti:safyro lazeriams, OPCPA siste-
moms reikalingi lazeriniai kaupinimo saltiniai. Tac¢iau OPCPA technologija

turi esminj pranasuma: dalies kaupinimo fotono energijos konvertavimas j Si-
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luma aktyviajame elemente yra neatskiriama lazerinio stiprinimo kaip fizikinio
reiskinio dalis; tuo tarpu parametrinio stiprinimo kristaluose sugertis yra tik
parazitinis procesas, kurio jtaka daugeliu atvejy gali buti visiskai nepastebima.
Tai jgalina, jei egzistuoja pakankamai galingas kaupinimo Saltinis, realizuoti
OPCPA sistemas, pasiekiancias daug didesnes vidutines galias nei Ti:safyro la-
zeriai. Kaip OPCPA kaupinimo Saltiniai daznai naudojami Nd:YAG, Yb:YAG
ar Yh:Sviesolaidiniai lazeriai, kurie dél tiesioginio diodinio kaupinimo ir daug
mazesnio kvantinio defekto nei Ti:safyre jau pasiekia net kW eilés vidutines
galias [13,14].

Siame skyriuje pristatomi rezultatai susije su moduliais ir posistemémis,
naudotomis kuriant OPCPA sistemas, aprasytas Iir V. Abiejy sistemy bend-
rosios principinés schemos is esmés atitinka schema, pavaizduota 2.1 pav., tik
publikacijoje I aprasytoje sistemoje nebuvo CEP stabilizavimo modulio - kon-
tinuumo generatorius buvo kaupinamas Yb:KGW lazerio spinduliuote.

[ Yokaw | ps Kaupinimo lazeris
gt Ll Nd:YAG tiesiniai stiprintuvai + SHG
(eI A A — S—
RA UZkrato generatorius ! | PN 0 hﬂ ,>D ps OPCPA
Pasyvaus CEP |! !
\'m stabilizavimo i E ! | < 65ps, >1pJ (2-4 pakopos)
NS modulis | :
J=1.5um, >3uJ,80fs i [AOPDF , Kompresorius
WwLg fs NOPA| | ;
] i -
SO ‘ ;
SHG S/ ! : < i : Diagnostika
700-1100nm : . i impulso energija,
>80uJ E Plestuvas : ;?::g{:; (t:r:'l:me Vakuumo kamera

2.1 pav.: OPCPA sistemy principiné schema. Osc: osciliatorius; RA: regenera-
ciniai stiprintuvai; SHG: antrosios harmonikos generatoriai; WLG: kontinuumo
generatoriai; AOPDF': akustooptinis programuojamas dispersinis filtras

Publikavimo metu V aprasyta OPCPA sistema pasizyméjo didziausia kada
nors OPCPA sistemos pasiekta vidutine galia - 53W. Po poros mety vidutinés
galios rekordas buvo pagerintas - [30] pademonstruota 88W vidutiné galia, ta-
Ciau reikia pastebéti, kad $i sistema veikia 100kHz pasikartojimo dazniu (daug
mazesné impulso energija) bei generuoja beveik dvigubai ilgesnius impulsus -
16fs.

2.1. OPCPA sistemos uzkrato formavimas tai-
kant femtosekundinj Yb:KGW lazerj

Daugelyje OPCPA sistemy kaip pradiniai uzkrato saltiniai buvo naudojami
Ti:safyro osciliatoriai [28,91]. Sie osciliatoriai pasizymi kai kuriomis svarbiomis
reikalingomis savybémis, pvz., ju impulsy spektrai gali pilnai padengti 532 nm
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kaupinamo BBO kristalo stiprinimo juosta, be to, Ti:safyro osciliatoriams gali-
ma sékmingai taikyti aktyvia gaubtinés fazés stabilizacija [91-93]. Visgi, nau-
dojant Ti:safyro osciliatorius kaip OPCPA uzkrata, ypa¢ didelés energijos sis-
temose, kur uzkrato impulsus reikia plésti iki >50ps trukmés, kyla problemuy,
susijusiy su maza ju impulsy energija (nJ eilés), dél ko blogéja OPCPA iséjimo
impulsy kontrastas [28,94]. Yra apraSyta sekmingy bandymy OPCPA uzkrata
generuoti Ti:safyro osciliatoriaus impulsus stiprinant Ti:safyro regeneraciniuose
stiprintuvuose, o po to pleciant spektra tusc¢iaviduriuose dujomis uzpildytuose
kapiliaruose [27], taciau tokia schema tampa labai sudétinga, reikalauja vaku-
umo bei dujy pumpavimo jrangos, be to, kapiliarai yra labai jautrus jvedimo
spindulio kryp¢iai ir padéciai, dél to galima tikétis, jog tokios sistemos kasdienj
veikima uztikrinti reikalauty dideliy nuolatiniy pastangy.

Atsizvelgiant j siuos Ti:safyro pagrindu kuriamy OPCPA sistemy uzkrato
saltiniy trukumus ir tai, kad femtosekundiniai Yb:KGW lazeriai pasizymi dides-
niu kompaktiskumu ir geresniu patikimumu nei Ti:safyro lazeriai, tampa aisku,
verta pameéginti didelés energijos OPCPA sistemai uzkrata formuoti Yb:KGW
lazerio kaupinamy parametriniy stiprintuvy pagalba. Uzdavinio sprendima
galima suskaidyti j dvi esmines dalis: pasyviai stabilizuoto CEP kontinuumo
generavimyg ir Sio kontinuumo stiprinimg femtosekundiniame parametriniame

stiprintuve, kaupinamame Yb:KGW lazerio antraja harmonika.

2.1.1. Pasyviai stabilizuotos gaubtinés fazés 1.3pm impul-
sy generatorius

Yb:KGW regeneraciniy stiprintuvy pasiekiama impulso trukmeé (150-300fs) yra
pakankamai trumpa, kad kaupinant tokiais impulsais buty galima generuo-
ti stabily kontinuuma kietose terpése (pvz., safyre). Toks kontinuumas yra
sekmingai naudojamas kaip uzkratas labai jvairiose parametrinio stiprinimo
schemose, jskaitant ir I. Tac¢iau norint pasiekti, kad lazerio impulso generuoja-
mas kontinuumas pasizyméty CEP stabilumu, butina stabilizuoti paties lazerio
CEP. Dél plataus Ti:safyro osciliatoriy impulsy spektro, stabilizuojant Siuos
osciliatorius pasiekiami geri rezultatai, o ir pats stabilizavimo procesas gali
palyginus buti labai paprastas, jei osciliatoriaus spektro plotis apima opting
oktava [95]. Tuo tarpu Yb:KGW osciliatoriy impulsy trukmes siekia 70fs, to-
dél, norint f — 2 f metodu stabilizuoti osciliatoriaus CEP, spektra butina plésti
fotoniniy kristaly sviesolaidyje. Kaip ir visi procesai, reikalaujantys laisva erd-
ve sklindancios Sviesos jvedimo j vienmodj sviesolaidj, Yb:KGW osciliatoriaus
spektro plétimas fotoniniy kristaly sviesolaidyje yra labai jautrus spindulio jve-
dimo krypciai. Dél to pasiekti ir diena iS dienos atkartoti reikiama spektro
plitimo lygj yra gana sudétinga, be to, net ir pasiekus CEP stabilizacija, lieka
nemaza galimybé, kad ji nutruks ir nebeatsistatys, jei dél, pvz., laboratorijos
temperaturos pokycio nors nezymiai pasikeis osciliatoriaus jvedimo j sviesolai-
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dj kryptis. Atsizvelgus j siuos praktinius sunkumus, buvo nuspresta iSméginti
alternatyvy CEP stabilizavimo buda - pasyvia CEP stabilizacija [52].

Parametrinio stiprintuvo, kaupinamo Yb:KGW lazerio antraja harmonika
(515 nm), ir generuojancio pasyviai stabilizuotos CEP impulsus, principiné op-
tiné schema pavaizduota 2.2 pav. Sios sistemos paskirtis - sugeneruoti skirtu-
minés bangos impulsus su energija, pakankama generuoti kontinuumui safyre.
Tam uztenka keleto pJ eilés energijos, todél kaupinimo energijos naudojama sa-
lygiskai nedaug - 70 uJ. Schema veikia taip. leinancio pluosto energija dviem
banginémis plokstelémis bei poliarizatoriais padalinama j tris pluostus. Ma-
Ziausios energijos pluostas fokusuojamas j safyro kristala, kuriame generuoja-
mas kontinuumas. Atsizvelgiant i [96] publikuotus rezultatus, pries fokusuo-
jant] lesj pastatyta diafragma, kuria pluostas apkerpamas, taip efektyviai su-
mazinant skaitine apertura ir pagerinant salygas ilgabangés kontinuumo pusés
generacijai. Siekiant, jog parametrinis stiprintuvas generuoty nors ir salygiskai
ilgus, taciau svarbiausia - tvarkingos formos impulsus, kontinuumo impulsas
ple¢iamas tiek, kad po kaupinimo impulsu telpantis spektro diapazonas buty
smarkiai mazesnis nei kristalo (I tipo BBO) stiprinimo juosta. Tam naudoja-
mas ZnSe langelis (dispersija ties 800 nm - = 10250fs2). Laike ispléstas konti-
nuumo impulsas kolineariai suvedamas su pirmuoju (12p1J) kaupinimo impulsu
stiprinimo kristale. Pastiprintas signalinis impulsas bei sugeneruotas salutinis
impulsas atskiriami SF10 stiklo langeliu tam, kad, derinant didziausios ener-
gijos kaupinimo impulso vélinima, buty galima pasirinkti, ar toliau stiprinti
pirmoje stiprinimo pakopoje pastiprinta signalinj impulsa, ar Salutinj impulsa.
Tokia galimybé schemoje buvo numatyta atsizvelgiant i tai, jog viena iS esminiy
salygy, reikalingy norint pasyvioje CEP stabilizavimo schemoje pasiekti gera
CEP stabiluma, yra interferometriskai stabilus vélinimo suderinimas. Akivaiz-
du, jog Siuo atveju kuo trumpesnis optinis kelias, kurj kontinuumo impulsas
vienoje prietaiso Sakoje sklinda atskirtas nuo kaupinimo impulso kitoje prie-
taiso Sakoje, tuo geresnis turéty buti gaunamas CEP stabilumas. Remiantis
sia logika, galima spéti, jog geresnis CEP stabilumas turéty buti gaunamas
naudojant pirmojo stiprinimo metu sugeneruota Salutine banga, ir antrojoje
stiprinimo pakopoje tik pakeliant jos energija iki reikiamos vertés. Visgi didelio
skirtumo tarp vieno ir kito varianto pastebéta nebuvo. Greic¢iausiai tai galima
paaiskinti tuo, jog dél schemos kompaktiskumo pirmojo ir antrojo kaupinimo
impulsy optiniai keliai iki netiesinio kristalo skyreési tik keletu centimetry.

Stabilizuotos CEP salutinis impulsas nuo kaupinimo ir signaliniy bangy
atskiriamas dichroiniais veidrodziais. I$ tribangés netiesinés saveikos ypatu-
my (signalinés ir Salutinés bangy kompleksinio jungtinumo [97]) iSplaukia, jog
salutinés bangos spektro fazéje lyginiai nariai jgauna prieSingus zenklus ne-
gu signalinio impulso (jei neatsizvelgiama } kaupinimo bangos fazine modu-
liacija). Signalinis impulsas buvo ¢irpuotas didele teigiama dispersija, todel
norint suspausti salutinés bangos impulsa, reikia vél naudoti terpe su teigia-
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2.2 pav.: Pasyviai stabilizuotos CEP impulsy generatoriaus principiné optiné
schema. - A\/2 - pusés bangos plokstelés; HR850-HT1400 - dichroinis veidro-
dis.

ma dispersija. Impulso, suspausto parinkus tinkamo ilgio (70mm) SF57 stiklo
strypelj, FROG matavimas pavaizduotas 2.3 pav. Optimalus SF57 strypelio
ilgis daug didesnis uz ZnSe langelio, naudoto plésti signalinj impulsa, storj, nes
SF57 dispersijos koeficientas Zymiai maZesnis negu ZnSe (SF57 ties 1300 nm:
93fs?/mm; ZnSe ties 800nm: 1025 fs?/mm). I$vadiniams impulsams spaus-
ti naudoti ZnSe langelj nebuvo galima dél labai didelio ZnSe netiesinio luzio
rodiklio (ng ~ 1.2 - 10~ 4em? /W [98]). Impulso trukmé tik keliais procentais
skiriasi nuo spektru ribotos trukmés, o gaubtiné tvarkinga. Turint tokj impul-
sa su stabilia CEP, galima tikétis sékmingai generuoti kontinuuma su stabilia
CEP.

2.1.2. Kontinuumo generavimas kaupinant stabilios CEP
impulsais ir CEP stabilumo priklausomybé nuo kontinuu-
mo generavimo salygy

Kontinuumo generacija kaupinant derinamo bangos ilgio impulsais buvo tirta
safyro ir YAG terpése. Zemiau pateikiami tik su safyro plokstele gauti rezul-
tatai, nes buvo nustatyta, jog, duotomis salygomis, kontinuuma generuojant
safyre, gaunamas kontinuumas pasizymi didesniu energijos tankiu, platesniu
spektru ir geresniu CEP stabilumu. Kontinuumo spektrai, gauti 4 mm safy-
ro plokstele kaupinant impulsais su skirtingais bangos ilgiais, pavaizduoti 2.4
pav. Atsizvelgiant  tai, jog pagrindiné mus dominanti spektro sritis yra maz-
daug 700 nm - 1100 nm, svarbu, jog kontinuumo spektras tolydziai padengtuy sia
sritj. Be to, yra pladiai zinoma, jog kontinuumo impulsai pasizymi stipriai mo-
duliuota spektrine faze aplink kaupinimo bangos ilgj, todél pageidautina, jog
kaupinimo bangos ilgis buty kiek galima toliau nuo mus dominandéios srities.
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2.3 pav.: Pasyviai stabilizuotos CEP impulso matavimas FROG metodu. a),c):
uzregistruotas ir atkurtas FROG pédsakai; b) impulso spektras ir spektro fazé;
d) FROG atkurta impulso gaubtiné ir jos palyginimas su spektru riboto impulso
(TL) gaubtine. Impulso trukmeé - 82 fs, spektru ribota trukme - 80 fs

Matyti, jog kontinuumas, generuojamas su 1580nm impulsais pasizymi ryskia
smaile ties ~ 600 nm, kuri siame darbe nagrinéjamiems taikymams neaktuali,
ir intensyvumo minimumu, apimanc¢iu 950 nm-1050 nm, kuris yra smarkiai ne-
pageidautinas. Atsizvelgiant j Siuos apribojimus, labiausiai abi salygas atitinka
kontinuumai, generuojami su 1300 nm-1400 nm impulsais. Todél tolimesni eks-

perimentai atlikti suderinus skirtuminio daznio generatoriy ties 1300 nm.

Sviesos impulsy transformacijy, vykstanciy deél impulsy saviveikos netiesi-
nése terpése, galutiniai rezultatai (galutinis spektro plotis, impulso forma bei
netiesiniai fazés poslinkiai) visy pirma priklauso nuo jeinanéio impulso inten-
syvumo. Viena Sio fundamentalaus fakto pasekmiy yra tokia, jog kontinuumo
generacijos metu, be kity savybiy, nuo kaupinimo energijos priklauso ir galu-
tinio impulso CEP. Konkretus fizikiniai mechanizmai, lemiantys CEP priklau-
somybe nuo kaupinimo energijos (ir intensyvumo) gana iSsamiai aptarti [61].
Bendrai paémus, pagrindiniai CEP priklausomybés nuo kontinuumo kaupinimo
energijos mechanizmai yra du: 1) kintant kaupinimo intensyvumui, netiesinio
zidinio susiformavimo terpéje taskas juda isilgai pluosto sklidimo krypties, dél
ko keic¢iasi nuotolis, kurj kontinuumo bangos ilgiai sklinda dispersinéje terpéje;
2) CEP keiciasi dél netiesinio luzio rodiklio dispersijos nulemto gaubtinés vir-
sunés pasislinkimo neslio atzvilgiu, kuris priklauso nuo impulso intensyvumo.

Be to, svarby indélj i CEP triuksma jneSa pluosto krypties nestabilumai, dél
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2.4 pav.: Kontinuumo, generuojamo 4mm storio safyro ploksteléje, spektrai,
uzfiksuoti derinant kaupinimo impulso bangos ilgi. a) 1200nm b) 1242nm
¢) 1304nm d) 1400nm e) 1442nm f) 1580 nm. Juodos linijos: kontinuumo
spektrai; mélynos linijos: kaupinimo impulsy spektrai. Spektrai uzfiksuoti
perjungiant ta patj Sviesolaidj i du spektrometrus: spektrinés komponentés
< 1.1 pm registruotos spektrometru su Si detektoriumi, likusi spektro dalis
- spektrometru su InGaAs detektoriumi. Spektruose matomos Sviesolaidzio,
naudoto jvesti kontinuuma j spektrometrus, sugerties juostos ties ~ 1250 nm ir
~ 1400 nm
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kuriy keiciasi kelias per fokusuojanéius ir dispersinius optinius elementus [99].

Atliekant kontinuumo generavimo ir CEP stabilumo matavimo eksperimen-
tus, buvo pastebéta, jog matuojamos kontinuumo CEP stabilumo vertés ne vi-
sada atsikartoja, net jei paprastai matuojami kaupinimo impulsy parametrai
(trukmé, energija, spektras) keiciasi labai nezymiai. Marceau ir bendraautoriai
nagrinéjo, kaip sarysio tarp CEP ir impulso energijos koeficientas (pazymeé-
kime ji Kgp) priklauso nuo kontinuumo kaupinimo bangos ilgio [62], tadiau
straipsnyje ne itin detaliai aprasytos kontinuumo generavimo salygos. Siekiant
geriau suprasti CEP stabilumo fliuktuacijas, buvo atlikti Kgpg priklausomy-
bés nuo safyro terpés zZidinio atzvilgiu matavimai. Siekiant isvengti léeto CEP
dreifo jtakos, K pr matavimai buvo atliekami budu, artimu lock-in stiprintuvy
veikimui. K gp matavimo schema pavaizduota 2.5 pav.

Nuskaitymo
elektronika
InGaAs
fotodiodas
~4p f=50mm
1200-1500nm <«—> Safyras

80fs
Energijos
moduliatorius

E Spektrometras

Poliarizatorius

2.5 pav.: Impulso energijos ir CEP sarysio koeficiento Kpr matavimo schema.
SHG: antrosios harmonikos kristalas

Kgr matavimo schemg sudaro energijos moduliatorius, fotodiodas, regist-
ruojantis impulso energijos kitima, ir f — 2f interferometras, kuriame lesio, fo-
kusuojancio kaupinimo impulsus j safyra, padétj safyro atzvilgiu galima tiksliai
derinti. Matavimo metu kaupinimo impulsy energija moduliuojama sinusiniu
désniu. Keliasdesimties sekundziy eigoje registruojamos f-2f interferogramos,
i§ kuriy apskai¢iuojamos CEP vertés (pridedamos konstantos tikslumu). Atli-
kus CEP verciy sekos Furjé transformacija, atliekamas spektrinis filtravimas -
paliekama tik CEP verciy moduliacija, kurios daznis artimas energijos modu-
liacijos dazniui. Tokiu budu jvertinami tik tie CEP vertés poky¢iai, kurie yra
nulemti impulso energijos moduliacijos. Po filtravimo atlikus atvirkstine Furjé
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transformacija, jvertinama CEP verc¢iy moduliacijos amplitudé, kurios santykis
su energijos moduliacijos amplitude ir yra pagrindinis Sio matavimo rezultatas.

Pradedant matavima buvo patikrinta, ar esant mazai energijos moduliacijos
amplitudei sarysis tarp kaupinimo energijos ir CEP yra artimas tiesiniam. Sio
patikrinimo rezultatai pavaizduoti 2.6 pav. Matyti, jog priklausomybé artima
tiesei, todél galima laikyti, jog tolimesni matavimai turés prasme.

GFP moduliacijos
amplitudé [rad]
=

0 0.5 1 15 2 25 3
Energijos moduliacijos amplitudé [%)]

2.6 pav.: CEP moduliacijos amplitudés priklausomybé nuo energijos modulia-
cijos amplitudés. Matyti, kad priklausomybé artima tiesinei

Isitikinus matavimo tiesiskumu, atlikti K g priklausomybés nuo safyro pa-
déties zidinio atzvilgiu matavimai, kuriy rezultatai pavaizduoti 2.7 pav. Pa-
veiksle vertés Az < 0 atitinka Zidinio padétis pries safyro pirmajj pavirsiy, o
padétys Az > 0 atitinka tiesinio zidinio padétj safyro plokstelés viduje. Pag-
rindiné 2.7 pav. matoma tendencija - didziausios Kgp vertés stebimos tada,
kai geometrinis zidinys yra pries safyra. Kgp vertés pasiekia minimuma foku-
suojant mazdaug 0.5mm gylyje. Fokusuojant vis giliau, vertés siek tiek didéja,
taciau visgi lieka 5-6 kartus mazesnés negu tuo atveju, kai fokusuojama pries
safyra.

Aptarsime galimas Sios priklausomybés pobudzio priezastis ir implikacijas
stabilios CEP kontinuumo generavo schemoms. Kai geometrinis zidinys yra
pries safyra, vykstant saviveikai, safyre pluostas dél difrakcijos smarkiai plin-
ta. Nors savaiminis pluosto fokusavimasis 8§} plitima sustabdo, $viesos gija
susiformuoja tik prie pat galinio safyro pavirsiaus. Siuo atveju fazés modulia-
vimosi jtaka kaupiama per visa safyro ilgj, o efektyvus zidinio nuotolis ilgéja,
dél ko galima tikeétis, jog arti safyro galinio pavirsiaus susifokusavusio pluosto
diametras bus didesnis nei kitais atvejais. Toks rezultatas logiskai siejasi su
rezultatais [61], kur teigiama, kad Kgpr mazesnis, kai | kontinuumo generato-
riy fokusuojama didesne skaitine apertura. Praktiniu poziuriu sie rezultatai
svarbus visy pirma todél, kad, duotomis eksperimento salygomis, fokusuojant
arti pirmojo safyro pavirsiaus buvo gaunamas vizualiai ryskesnis kontinuumas
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2.7 pav.: CEP ir impulso energijos sarysio koeficiento Kgp priklausomybé nuo
lesio padéties safyro atzvilgiu Az. Padétis Az = 0 atitinka geometrinj zidinj
ant safyro pirmojo pavirsiaus

nei fokusuojant safyro turyje. Todél jei kontinuumo generatorius optimizuo-
jamas neatsizvelgiant j Sia priklausomybe, tikétina, jog atrodyty logiska pasi-
rinkti padéti Az <= 0, o tokiu atveju pasiekti gera CEP stabiluma gali buty
praktiskai nejmanoma: daugelio tipiniy parametrinio stiprinimo schemy ge-
neruojamy impulsy energijos stabilumas (Saltinio generuojamos impulsy voros
energijos verc¢iy standartinis nuokrypis) varijuoja mazdaug 0.5% - 1% intervale;
jei Kpp = 1500mrad/%, vien dél energijos triukSmo susidarantis ¢cg verciy
standartinis nuokrypis galéty siekti 750-1000mrad, kas is esmés atitinka Saltinj
su nestabilizuotu CEP. Dél itin stabilaus kaupinimo lazerio, schemos kompak-
tiSkumo ir kruopstaus parametrinio stiprinimo pakopy darbo tasko parinkimo,
musy schemoje generuojamy impulsy energijos stabilumas buvo kiek geresnis
ir sieke 0.1-0.3%, todél net fokusuojant pries safyra buvo galima pasiekti 400-
500mrad CEP stabiluma. Nors kai kuriems taikymams tokio stabilumo galétu
pakakti, reikia turéti omenyje, jog toliau stiprinant §j uzkrato impulsg CEP
stabilumas tik blogés. Kita praktiné iSvada - jei fokusuojama j safyro turj,
tiksli zidinio padétis néra labai svarbi, nes koeficientas keiciasi nedaug. Svar-
bu pabrézti, jog uzfiksuota Kgp priklausomybé nuo fokusavimo padéties néra
trivialiai atspindima kity stabilumo parametry: ryskaus skirtumo tarp bend-
ro kontinuumo energijos ar spektro formos stabilumo tarp Az = —0.lmm ir
Az = +1mm stebéta nebuvo.

Suradus tinkamus kontinuumo generavimo parametrus, buvo pasiekiamas
mazdaug 200-300mrad CEP stabilumas matuojant keliolika ar keliasdesimt se-
kundziy. Siekiant toliau gerinti CEP stabiluma, reikia grizti schemoje atgal
ir patikrinti, kokie paties skirtuminio daznio generatoriaus parametrai daro
daugiausiai jtakos CEP stabilumui. Tokie tyrimai yra pakankamai sudétingi,
nes visi procesai vyksta nuosekliai, ir kiekvieno proceso rezultatas daro jtaka
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tolimesniy pakopy veikimui. Visgi nustatyta, kad jautriausia schemos dalis
- 515 nm spinduliuote kaupinamas kontinuumo generatorius, kurio kaupinimo
energija, siekiant geriausio CEP stabilumo, reikia parinkti itin kruopsciai. Is-
éjimo energijos stabilumo ir trumpalaikio CEP stabilumo priklausomybé nuo
pirmojo kontinuumo generatoriaus kaupinimo energijos pavaizduota 2.8 pav.

1000

[y
o
o

|

e

~

v
1

A
1
: - 750
]
1
]
'l - 500
A
1

- 250

Salutinés bangos impulso
energijos stabilumas [%]
o
w
o

il
B
>
y

0.00

Trumpalaikis CEP triukSmas [mrad]

0.4 0.5 0.6 0.7 0.8
Kontinuumo kaupinimo energija [p)]

2.8 pav.: Skirtuminio daznio generatoriaus energijos stabilumo bei trumpa-
laikio CEP stabilumo priklausomybé nuo pirmojo kontinuumo generatoriaus
kaupinimo energijos. Nuspalvinta sritis zymi daugiau negu vienos $viesos gijos
formavimasi

Esant mazai kontinuumo generatoriaus kaupinimo energijai, sugeneruoja-
ma maziau uzkrato parametriniam stiprinimui. Kaupinimo energijai didéjant
ir kontinuumo generatoriui artéjant prie soties, uzkrato sugeneruojama vis dau-
giau, dél ko parametrinio stiprinimo pakopos jsisotina, ir pasiekiamas geresnis
iSéjimo energijos stabilumas. Kaip jau aptaréme, skirtuminio daznio genera-
toriaus iSéjimo energijos stabilumas yra vienas i$ esminiy faktoriy, lemianciy
galutinj CEP stabiluma, taciau ne vienintelis. Trumpalaikio CEP stabilumo
priklausomybé nuo kontinuumo kaupinimo yra sudétingesné negu energijos sta-
bilumo, tac¢iau jos pobudis puikiai atsikartoja tarp matavimy skirtingomis die-
nomis (2.9 pav.), todel nepanasu, kad §i priklausomybé buty nulemta atsitik-
tiniy faktoriy. Kaupinimo energijos pokytis subtiliai keicia ne tik kontinuumo
spektriniy komponenciy spektrinj intensyvuma, bet ir aibe kity parametry:
iSeinancio pluosto skéstj, spektriniy komponenciy fazing moduliacija bei viso
impulso vélinima. Dél to pilnavertiskai paaiskinti CEP stabilumo priklausomy-
be nuo kontinuumo kaupinimo energijos greiciausiai buty labai sudétinga, o tai
nebuvo sio darbo tikslas. Visgi praktiné iSvada aiski: galutinis CEP stabilumas
yra labai jautrus kontinuumo kaupinimo energijos pokyciams, o optimali verté
pasiekiama artéjant prie keleto gijy formavimosi rezimo.

Pasinaudojus visomis aukséiau aprasytomis ziniomis, CEP stabilizavimas
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generatoriaus kaupinimo energijos, matuojant du kartus

buvo optimizuotas. Pasyvaus CEP stabilumo matavimo be griztamojo rysio
rezultatai pavaizduoti 2.10 pav.
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2.10 pav.: Trumpalaikio CEP stabilumo matavimai. Virsuje: f — 2f interfe-
rograma. Apacioje: iS interferogramos suskaic¢iuotos CEP vertés ir ju histogra-
ma. 2 minu¢iy matavimo intervale CEP verciy standartinis nuokrypis nevirsijo
67mrad.

Pasiektas CEP stabilumas - 67mrad - palyginamas su paciais geriausiais
rezultatais, gaunamais aktyviai stabilizuojant Ti:safyro osciliatoriy CEP [99].
Ypatingai svarbu tai, jog Sis rezultatas pasiektas nenaudojant fotoniniy kristaly
sviesolaidzio - daugiausiai praktiniy problemy kelianc¢ios aktyviy CEP stabili-
zavimo schemuy dalies. Visgi, norint pasyviai stabilizuotos CEP saltinj taikyti
eksperimentuose, reikalingas daug ilgesnis veikimo laikas nei 2 minutés. Nors
Saltinis ilgg laika gali iSlaikyti gera trumpalaikj stabiluma, vis tiek stebimas
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nuolatinis CEP vertés kitimas dél i$ léto besikei¢iancio optiniy keliy skirtumo
interferometrinéje prietaiso dalyje, kuriam prietaisas labai jautrus: tereikia pa-
keisti optinj kelia puse bangos ilgio, ir CEP verté pasikeic¢ia per n. Kadangi
Sis fazés dreifas yra létas, ji kompensuoti galima paprasta schema, pavaizduo-
ta 2.11 pav. Sioje schemoje zingsniniu varikliu pakreipiant stiklo ploksteles,
galima preciziSkai derinti impulso kelig stikle. Aselés, ant kuriy pritvirtin-
tos stiklo plokstelés, sujungtos taip, kad suktysi prieSpriesiais ir kompensuoty
pluosto poslinkj, taigi per ploksteles prasklides pluostas joms sukiojantis ne-
keic¢ia krypties ir padéties. Spektrometru, prijungtu prie pirmojo kompiuterio,
atlieckamas f — 2f interferencijos matavimas, i$ kurio uzfiksuojamas CEP po-
slinkis, kurj programinéje jrangoje veikianti proporciné griztamojo rysio kilpa
bando kompensuoti, siysdama signala zingsninio variklio valdikliui. Dél eksper-
imente naudotos programinés jrangos netobulumo, griztamasis rySys naudojo
daug kompiuterio resursy, o tai smarkiai ribojo sparta, kuria tame paciame
kompiuteryje buvo galima saugoti uzregistruotus duomenis. Todél galy gale
pasiekta CEP stabiluma nuspresta vertinti iS duomeny, renkamy atskiru ant-
ru spektrometru ir kompiuteriu, kuris buvo naudojamas tik matuoti ir saugoti
f — 2f interferograma sudarancius spektrus (& 100 spektruy per sekunde).

Zingsniniu varikliu pakreipiamos
stiklo plokstelés

—
<L) A\ &
— N—
BBO
P
Zingsninio Spektrometras
variklio
valdiklis
Spektrometras Kompiuteris
#2
Kompiuteris
#1

2.11 pav.: Léto griztamojo rysio sistemos, kuria kompensuojamas létas CEP
slinkimas, schema. BBO - antros harmonikos kristalas; P - poliarizatorius.

CEP stabilumo matavimas, atliktas naudojant griztamojo rysio schema,
pavaizduotas 2.12 pav. Matyti, kad bégant laikui matuojamos CEP vertés
yra issibarsciusios aplink tg pacig verte. Uzfiksuoty CEP verciy standartinis
nuokrypis - 107mrad.
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Laikas [min]

2.12 pav.: CEP stabilumo matavimai su létu griztamuoju rysiu. Virsuje: f—2f
interferograma. Apacioje: i$ interferogramos suskaic¢iuotos CEP vertés ir ju
histograma. Visy CEP verciy standartinis nuokrypis - 107mrad.

2.1.3. Kontinuumo, generuojamo safyre, kaupinant pasy-
viai stabilizuotos gaubtinés fazés impulsais, priesstiprintu-
vio charakterizavimas

Safyre sugeneruotas kontinuumas su stabilia CEP stiprinamas dviejy pakopy
nekolineariame parametriniame stiprintuve, kaupinamame to paties Yb:KGW
lazerio femtosekundiniais impulsais. Principiné optiné sio modulio schema pa-
vaizduota 2.13 pav. Dviejuy sferiniy veidrodziy teleskopu kontinuumas is safyro
atvaizduojamas i stiprinimo pakopa, kurioje naudojamas 2mm storio BBO kri-
stalas. Padidinus pirmoje pakopoje pastiprinto kontinuumo pluosta dar vienu
veidrodiniu teleskopu, dar viename BBO kristale signalas stiprinamas didesnia-
ja kaupinimo energijos dalimi. Kaupinimo energijos paskirstyma tarp pakopy
galima paderinti bangine plokstele. Teisingai suderinus stiprintuva, iSéjimo
impulsy energijos siekia 80-90pnJ.

Safyras

4mm Diafragma
1300nm, 1.5pJ s -
G U - BBO

Y )| o580
515nm, 400pJ )‘/i LU= 2mm 800nm, 80pJ
1t 10pd Y& —
/l \/

Y AR {
S——

2.13 pav.: Kontinuumo priesstiprintuvio principiné optiné schema

e

Nekolinearioje parametrinio stiprinimo geometrijoje atsiranda papildomas
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laisvés laipsnis - kaupinimo ir signalo sukirtimo kampas a. Sis papildomas lais-
vés laipsnis atveria daug galimybiy formuoti spektra ir pasirinkti priimtiniau-
sig kompromisa tarp stiprinimo pakopos parametry - spektro juostos plocio,
energijos tankj viename ar kitame pageidaujamame spektro diapazone, spekt-
ro glotnumo. 2.14a) pav. pavaizduota sinchronizmo kampo 6 priklausomybe
nuo signalo bangos ilgio A, esant keliems nekolinearumo kampams «, kai I tipo
saveikoje (e —o00) BBO kristalas kaupinimas Yb:KGW lazerio antraja harmoni-
ka (515nm). Matyti, kad, priklausomai nuo pasirinkto nekolinearumo kampo,
galima rasti varianty, kai sinchronizmo kampo kreivé vieng horizontalig lini-
ja - sinchronizmo kampa, kuris nustatomas derinant kristalo pasukima - gali
kirsti ne tik vieng, bet du ar net tris kartus. Tokiu atveju fazinj sinchroniz-
ma galima realizuoti keletui vienas nuo kito nutolusiy signalo bangos ilgiy, ir
taip stiprinti platy signalo spektra. Taip pat egzistuoja atvejis, kai kiek siau-
resniame spektro diapazone sinchronizmo kreivé yra visiskai horizontali, t.y,
fazinio sinchronizmo salyga vienu metu tam tikrame bangos ilgiy diapazone
(mazdaug 750 — 900 nm) iSpildoma tiksliai. Svarbu pastebéti, jog tokios sinch-
ronizmo kreivés tendencijos néra unikalios ¢ia nagrinéjamai kristalo ir kaupi-
nimo bangos ilgio konfiguracijai; panasias salygas, t.y., nekolinearumo kampag,
kai sinchronizmo kreivé iSplokstéja, galima rasti daugelyje kristaly. Salyga,
pagal kuria galima nustatyti, kokiems kaupinimo bangos ilgiams egzistuos pla-
¢iajuostis nekolinearus fazinis sinchronizmas I tipo saveikoje, galima apytiksliai
suformuluoti taip: plac¢iajuostis nekolinearus fazinis sinchronizmas egzistuos ta-
da, kai kaupinimo bangos ilgis bus trumpesnis nei pusé bangos ilgio, ties kuriuo
kristalas turi dispersijos nulj. Tokiu atveju signalo bangos ilgiai, kuriems bus
galima iSpildyti fazinio sinchronizmo salygas pla¢iama diapazone, bus daugiau-
sia iSsidéste tarp kaupinimo ir dispersijos nulio bangos ilgiy [26].

Visgi fazinio sinchronizmo kreivé - ne vienintelis faktorius, nulemiantis pa-
rametrinio stiprintuvo stiprinimo juosta. Teisingiau yra skaiciuoti sustiprinto
signalo intensyvumo priklausomybe nuo bangos ilgio, kuri trimis pasirinktais
atvejais pavaizduota 2.14. Paprastu atveju - nenuskurdinto kaupinimo artinyje,
esant fiksuotam kaupinimo intensyvumui I, sustiprinto signalo intensyvumo
I priklausomybé nuo kristalo storio z isreiskiama

2
I;(z) = I;(z = 0) [1 + % sinh? (gz)] (2.1)

T = desy /2% Witds (2.2)
€oC NpNiNs

,09 =4/T2%— (%)2 [100]. Cia d.; - efektinis kristalo netiesiskumas duo-

tai saveikai; w ir n su indeksais s, 7, p - atitinkamai signalo, Salutinés bangos ir

kur

kaupinimo dazniai bei luzio rodikliai; €y - vakuumo dielektriné skvarba; c - Svie-
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sos greitis; Deltak - fazinis nederinimas. Spektrinés signalo savybés atsispindi
[ ir Ak priklausomybése nuo bangos ilgio. IS 2.14b) matyti, jog, varijuojant
nekolinearumo kampa, galima rasti salygas, kai stiprinamas itin platus, taciau
moduliuotas signalo spektras, arba kiek siauresnis, ta¢iau glotnus spektras. Ga-
lima atkreipti démesj, jog, esant dideliam kaupinimo intensyvumui, kurj galima
naudoti su femtosekundiniais kaupinimo impulsais [101,102], didelius stiprini-
mo koeficientus galima pasiekti ir dideléje spektro dalyje nepasiekiant tikslaus
fazinio sinchronizmo (atvejis o = 2.1°).

25.5 A
25.0 A
T 2451

24.0 A

23.5 T T T T T T
700 800 900 1000 1100 1200

x108

1.04 77 a=2.53°,6=24.53"
a=230",6=24.19"

0.8 a=2.10°,6=23.85"
o 0.6
0.4
0.2
0.0 : : : : . :
700 800 900 1000 1100 1200

A [nm]

2.14 pav.: a) Nekolinearaus parametrinio stiprinimo BBO kristale sinchronizmo
kreivés b) MazZo signalo stiprinimas S, esant pasirinktiems nekolinearumo kam-
pams « ir sinchronizmo kampams 6, 2mm storio BBO kristale, kai kaupinimo
intensyvumas 100GW /cm?. Briiksninés linijos a) paveiksle zymi b) paveiksle
parodyty stiprinimo kreiviy sinchronizmo kampus

2.14 pav. vaizduojami veiksniai yra labai svarbus nekolineariame paramet-
riniame stiprintuve stiprinamam spektrui, taciau realybéje veikia dar daug kity
reikSmingy faktoriy, i kuriuos tiesiog skaiciuojant mazo signalo stiprinimo ko-
eficienta nejmanoma atsizvelgti: tai kaupinimo ir signalo impulsy formos, sig-
nalo impulso ¢irpo forma, erdvéje ir laike kintantis kaupinimo nuskurdinimas,
parazitiniai netiesiniai reiskiniai, grupiniy greic¢iy nederinimo tarp kaupinimo
ir signalo jtaka. Visgi, zinant bendras tendencijas, laboratorijoje optimizuoti
nekolineary parametrinj stiprintuva yra gerokai lengviau.

Nors yra placiai zinoma, kad kontinuumas, generuojamas kietose terpése,
pasizymi puikiu erdviniu koherentiskumu ir gera pluosto kokybe [103,104], o
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naudoto Yb:KGW lazerio pluosto kokybés parametras M? = 1.2, vien to neuz-
tenka, kad buty uztikrinta gera pastiprinty impulsy erdviné kokybé. Yra pa-
rodyta, kad parametriniam stiprinimui nekolinearioje geometrijoje naudojant
femtosekundinius impulsus, sustiprinti impulsai, priklausomai nuo stiprinimo
geometrijos ypatumy, jgyja erdvélaikiniy iskraipymu - erdvinio ¢irpo ir/arba
kampines dispersijos [105]. Nors yra parodyta, kad dalis Siy iSkraipymuy néra
reikSmingi, jei femtosekundinio kaupinimo NOPCPA pakopoje sustiprintas im-
pulsinis pluoStas yra suspaudziamas laike ir fokusuojamas erdvéje [106], musuy
atveju viskas néra taip paprasta. Femtosekundiniame NOPCPA sustiprintas
impulsas dar turés prasklisti per pléstuva (jei impulsas turés kampine dispersija,
dél ilgo optinio kelio sistemoje ji gali tapti Zenkliu erdviniu éirpu; jei impul-
sas pasizymeés erdviniu ¢irpu, pléstuva bus sunku suderinti) ir kitas OPCPA
pakopas, kuriy pirmojoje zZenklus erdvélaikiniai efektai taip pat didina jaut-
rumg uzkrato pluosto erdviniams iskraipymams. NOPCPA isvadiniy pluosty
erdvélaikiniai iSkraipymai minimizuojami, jei kaupinimo impulso frontas pa-
kreipiamas taip, kad sutapty su signalinio impulso frontu, tac¢iau kaupinimui
naudojant palyginti didelés energijos (400pJ) femtosekundinius impulsus, ban-
dymai pakreipti impulso frontg veda prie kity problemy: prizmése, kurias buty
galima naudoti frontui pakreipti, vyksta pluosty fokusavimasis. Sios problemos
buty galima iSvengti impulso frontg pakreipiant lazerio kompresoriaus garde-
le [31], taciau dél musy lazerio konstrukcijos $io metodo naudoti negaléjome.
Nesant galimybés pakreipti kaupinimo fronto, beliko ieskoti, kaip minimizuoti
erdvélaikinius iskraipymus kei¢iant pacius NOPA schemos parametrus. Vie-
nas is likusiy prieinamy laisvés laipsniy - stiprinimo nekolinearumo geometrijos
pasirinkimas tarp tangentinés geometrijos (TPM) ir Pointingo vektoriaus nune-
Sima kompensuojancios geometrijos (PVNK). Stiprinimo geometrijy skirtumai
iliustruoti 2.15 pav. Matyti, kad TPM atveju kaupinimo bangos erdvinis nu-
nesimas dél dvejopo luzio stiprinimo kristale (kampas p) efektyviai padidina
nekolinearumo kampa tarp signalinio impulso ir kaupinimo impulso, o PVNK

atveju - sumazina.

1) ~ 2)
A\ﬁﬂp“"&k} ”\H\/J\ g
p

ks

2.15 pav.: Tangentines (1) ir Pointingo vektoriaus nunesima kompensuojancios
(2) NOPA geometrijy palyginimas. k; ir k_;: kaupinimo ir signalinés bangy
vektoriai; 6: kampas tarp k; ir kristalo optinés aSies; a: kampas tarp k; ir k::
(nekolinearumo kampas); p: kampas tarp kaupinimo bangos vektoriaus ir kau-
pinimo Pointingo vektoriaus (nunesimo kampas). Vaizdumo délei, visi kampai
brézinyje padidinti
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Atsizvelgiant i tai, jog erdvélaikiniai iSkraipymai kyla butent dél nekolinea-
rios impulsy saveikos, galima tikétis, jog nekolinearumo efektas PVNK geomet-
rijoje pasireiks maziau. Siekiant patikrinti sig hipoteze, buvo atliktas erdvinio
¢irpo matavimas skenuojant sviesolaidj skersai fs-NOPA iséjimo pluosto neko-
linearumo ir fazinio sinchronizmo plokstumoje. Uzfiksavus lokalaus spektro
priklausomybe nuo koordinatés I(z, A), i§ gauty duomeny buvo apskai¢iuota
kiekvieno bangos ilgio intensyvumo skirstinio masés centro koordinaté:

~ Jx-I(z, N)dx

-~ [I(z,\)da (2:3)

rape(N)

Kadangi abi stiprintuvo pakopos gali buti vienoje i$ dviejy geometrijy, is
viso atlikti keturi skirtingi matavimai. Ju rezultatai pateikti 2.16 pav. Aki-
vaizdu, kad erdvinio ¢irpo atzvilgiu geriausia, kai abi pakopos veikia PVNK
geometrijoje, o taip pat naudinga apriboti uzkrato kampinj spektra su diaf-
ragma. Svarbu pastebéti, jog skirtumo tarp sustiprinty impulsy energijos ir
spektro skirtingose konfiguracijose praktiskai nebuvo. Be to, III publikacijoje
aprasyti rezultatai rodo, jog taikant PVNK geometrija generuojama 10 kar-
ty maziau parametrinés superfluorescencijos nei TPM konfiguracijoje. Taigi,
mazinant erdvinj ¢irpa, kartu pagerinamas ir impulso kontrastas.

Visgi PVNK geometrija turi trukuma - naudojant sia geometrija, dél su-
tampanciy fazinio sinchronizmo salygu vyksta efektyvi parazitiné signalo ban-
gos ilgio komponenciy ~ 850 nm antrosios harmonikos generacija. Kaip pa-
rodyta [106], dél antrosios harmonikos generacijos atsiranda sudétinga spektro
fazés moduliacija aplink 850 nm, dél ko PVNK geometrijoje stiprinamus impul-
sus sunkiau suspausti iki spektru ribotos trukmés. Misy atveju Sis trukumas
néra itin svarbus, nes sistemoje naudojamas AOPDF yra pajégus istaisyti ir
sudétingos formos spektro fazés moduliacija. Jei impulsai buty spaudziami
paprastesnémis priemonémis (pvz., tik ¢irpuotais veidrodziais), galbut vertéty
antra pakopa konfiguruoti tangentinei geometrijai.

Erdvinio ¢irpo matavimas, atlikus galutine optimizacija, parodytas 2.17a)
pav. Matyti, kad didziosios dalies spektro komponenciy masés centrai yra nuo
bendro pluosto centro nutole labai nedaug. ISimtis - patys trumpiausi bangos
ilgiai, kuriy koordinaciy issidéstymas atitinka staigiai kylancia sinchronizmo
kreive. Visgi tolimesnei sistemos veikai Sie bangos ilgiai nelabai svarbus, nes,
kaip véliau aptarsime, tolimesnése stiprinimo pakopose, kaupinamose pikose-
kundiniais impulsais, siy bangos ilgiy stiprinti negalésime. Iki matuoklio pluos-
tas sklido &~ 3 metrus. Artimo lauko pluosto profilis, uzfiksuotas CCD kamera
netoli fs-NOPA iS¢jimo, pavaizduotas 2.17b) pav. Profilis gan simetriskas ir
artimas Gauso pluostui.

Po galutinés optimizacijos uzfiksuotas fs-NOPA is¢jimo spektras, iSmatuo-
tas uz tefloninio barstiklio, pavaizduotas 2.18a). Spektru ribotas impulsas,
atitinkantis §j spektra, parodytas 2.18b). Spektru ribota trukmé - 4.9fs - ties
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2.16 pav.: Skirtingu bangos ilgiy spinduliuotés pasiskirstymas fs-NOPA iséjimo
pluoste. Pluosto masés centro koordinatés priklausomybé nuo bangos ilgio
priesstiprintuvio iSéjimo pluoste. Legendoje pazymeétos pirmosios ir antrosios
stiprinimo pakopuy geometrijos.
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2.17 pav.: Optimizuoto OPCPA sistemos uzkrato generatoriaus (a) spektro
erdvinis pasiskirstymas; (b) erdvinis pluosto profilis

52



880 nm atitinka <1.7 optinio ciklo. Nors pradinis sios posistemeés vystymo tiks-
las buvo sukurti uzkrato saltinj didelés energijos OPCPA sistemai, Sis Saltinis
jau ir pats savaime galéty tikti generuoti aukstosioms harmonikoms dujose.
Geriausias sprendimas tokiu atveju buty impulsa bandyti suspausti ¢irpuotais
veidrodziais. Darant prielaida, kad dél ribotos galimybés tiksliai priderinti ¢ir-
puoty veidrodziy parametrus prie reikalingos spektro fazés, pavykty impulsg
suspausti ne tiksliai iki Furjé ribos, o iki 6.5-7fs, tokj suspausta impulsg foku-
suojant j 100pm skersmens pluosta galima tikétis pasiekti aukstyju harmoniky
generacijai tinkama 2-1014W /cm? intensyvuma. Kai kuriems taikymams tokio
saltinio impulsy energijos galéty pakakti, o lyginant su visa OPCPA sistema,
fs-NOPA yra daug kompaktiskesné ir paprastesné.

_ 1.0 1.0
>
%084 @ 084 D
2]
£ 0.6 1 0.6 - FWHM=4.9fs
=] » «
£.0.4 0.4
o
E 0.2 0.2 -

0.0 : ; . : 0.0 . . ;

700 800 900 1000 1100 -20 0 20
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2.18 pav.: a) OPCPA sistemos uzkrato generatoriaus iS¢jimo spektras; b) §i
spektra atitinkantis spektriskai ribotas impulsas

2.2. Signalinio impulso spektrinés fazés valdy-

mas didelés galios OPCPA sistemoje

Siame skyrelyje bus aptarti skai¢iavimai ir metodai, kurie buvo panaudoti, sie-
kiant impulsa, kurio spektro plotis atitinka <8fs, iSplésti iki trukmeés, artimos
kaupinimo impulso trukmei ( 70ps), o po to suspausti atgal iki spektru ri-
botos trukmeés. Keleto optiniy cikly impulsai yra labai jautrus spektro fazés
iskraipymams, todél buvo reikalinga imtis specifiniy priemoniy dispersijai val-
dyti - naudoti pléstuva, kurio dispersija galima pakankamai tiksliai priderinti
prie spaustuvo dispersijos, bei akustooptinj moduliatoriy, kuriuo panaikinami
neisvengiami neatitikimai. Taip pat bus aptarta, kaip, taikant chirpscan meto-
da, paprastai ir patikimai galima charakterizuoti impulso spektrine faze dviem
svarbiais atvejais: kai impulsas yra isplites ir jo trukmé spektru ribotaja truk-
me virsija daugelj karty, ir kada impulso trukmé yra artima spektru ribotajai

trukmei.
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2.2.1. Neigiamai c¢irpuoty impulsy stiprinimo dispersijos
valdymo schema

Labiausiai paplites lazerinése sistemose dispersijos valdymo budas - impulsy
iSplétimas gardeliniu pléstuvu ir suspaudimas gardeliniu spaustuvu - Sioje sis-
temoje neparankus dél keleto priezasciy. Visy pirma, Siuo metu néra jmanoma
gauti holografiniy ar dielektriniy difrakciniy gardeliy, kurios atspindéty rei-
kalingo plocio spektra su pakankamai geru efektyvumu, todél tekty naudoti
raizytas difrakcines gardeles su metalo danga. Antra, dél didelés vidutinés ga-
lios buty didelé tikimybé jei ne pazeisti, tai bent jau dél siluminio poveikio
deformuoti difrakcines gardeles su metalinémis dangomis. Trecia, dél didelio
intensyvumo ir vidutinés galios, gardelés turéty buti labai didelés aperturos,
tac¢iau dél plataus impulso spektro jas reikéty statyti salygiskai mazu atstu-
mu vieng nuo kitos arba smarkiai nutolti nuo Littrow kampo, kas vélgi kenkia
efektyvumui. Galiausiai, nors atspindinciy difrakciniy gardeliy pagrindu sukur-
ti impulsy spaustuvai gerai veikia Ti:safyro lazerinése sistemose [107], bandant
taikyti tokia schema su zenkliai platesnio spektro impulsais, gardelinio komp-
resoriaus efektyvumas, tikétina, siektuy vos 50-60% [28].

Siekiant iSvengti aukséiau paminéty standartinés dispersijos valdymo sche-
mos trukumuy, buvo pasirinkta naudoti DCPA (angl. down-chirped pulse amp-
lification) schema [108]. Sioje schemoje procesas vyksta atvirkiciai: impulsas
pirma yra isSple¢iamas neigiamos dispersijos pléstuvu, o impulso spuda atlie-
kama tiesiog stiklo blokuose. Siekiant iSvengti nepageidaujamo fazés modu-
liavimosi dél didelio intensyvumo spinduliuotés sklidimo per stikla, paskutinis
spudos etapas gali buti realizuojamas naudojant teigiamos dispersijos ¢irpuotus
veidrodzius.

Disertacinio darbo metu i viso teko dirbti su trimis OPCPA sistemomis:
10 Hz lempiniu lazeriu kaupinama sistema VU Fizikos fakultete (I publikaci-
ja); 1kHz, ~ 60mJ diodinio kaupinimo Nd:YAG lazeriu kaupinama OPCPA
sistema VU LTC atviros prieigos lazeriniame centre ,NAGLIS“ (uzkrato gene-
ratorius aprasytas II publikacijoje), ir itin didelés smailinés ir vidutinés galios
OPCPA sistema ( V publikacija), kuri Vilniuje buvo gaminama Vengrijos laze-
riy centro ELI-ALPS uzsakymu. Visose Siose sistemose taikyti impulsy plétimo
pries stiprinima ir suspaudimo po stiprinimo metodai labai panasus. Dél konk-
retumo pateikiami parametrai atitiks didziausios galios sistema, bet skirtumai
tarp sistemy buvo neesminiai.

Dispersijos valdymo schema pavaizduota 2.19 pav. Impulso plétimas at-
liekamas grizminiu pléstuvu. Akustooptiniu programuojamu dispersiniu filtru
(,Dazzler*, Fastlite, Prancuzija) atliekamos aukstesniuju dispersijos eiliy ko-
rekcijos. Po stiprinimo, pluostas veidrodiniu teleskopu isple¢iamas iki ~ 75 mm
skersmens. Toks skersmuo reikalingas, kad pluostui sklindant ilga atstuma per
stiklus, buty iSvengta dideliy netiesiniy efekty. Taciau ir to negana, nes impul-
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sui artéjant prie spektru ribotos trukmés, intensyvumas net ~ 75 mm skersmens
pluoste virsija 100 GW /cm?. Taigi, i kompresoriy patenkanéio impulso spekt-
ro fazé parenkama taip, kad impulsas stikluose susispausty ne iki minimalios
trukmes, o iki keliy Simty fs. Paskutinis spudos etapas, kuriame didziausias
intensyvumas, atlieckamas teigiamos dispersijos Cirpuotais veidrodziais, kurie,
dél itin plono su medziaga saveikaujancio medziagos sluoksnio, netiesiSkumy i$

esmes nejnesa.

4-| Stiprinimo
pakopos

[AGPOF]

Uzkratas m=qd===eeecee= N

— ! ! N
e e ! Cirpuoti ]
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2.19 pav.: Principiné dispersijos valdymo sistemos schema

Vienas aptartos dispersijos valdymo schemos skirtumas nuo jprastesniy
CPA schemy yra tas, kad impulsy spaustuve derinamos dispersijos elementy
visiskai néra. StandartiSkai Ti:safyro lazeriuose impulsy spuda optimizuoja-
ma derinant kompresoriy, kuris yra paskutinis sistemos elementas. Tuo tar-
pu DCPA schemoje kompresoriaus dispersija yra fiksuota (neskaitant neZymiy
dispersijos pokyc¢iy, galin¢iy atsirasti pasukant kompresoriaus stiklus arba ¢ir-
puotus veidrodzius), taigi, impulsy spuda optimizuoti galima vieninteliu budu
- derinant pléstuva taip, kad jo jnesama dispersija tiksliai atitikty fiksuotaja
kompresoriaus dispersija (tik su priesingu Zenklu).

Akivaizdu, kad norint pritaikyti pléstuva prie kompresoriaus, pirmiausia
reikia zinoti kompresoriaus (ir kity sistemos elementy, esanc¢iy uz pléstuvo -
akustooptinio filtro kristalo bei stiprinimo kristaly) dispersija. Sia suskaiciuoti
nesunku, remiantis Sellmeier formulémis naudojamoms medziagoms [109-112].
Grupinis vélinimas, apskaic¢iuotas atskiriems sistemos elementams, pavaizduo-
tas 2.20 pav. Atkreiptinas démesys, kad, siekiant, jog stiprinimo kristaluo-
se tarp krastiniy spektriniy komponenciy grupiniy vélinimy skirtumas buty
~ 80ps, pléstuva reikia derinti didesnei dispersijai, nes dél didelés akustoopti-
nio filtro kristalo (45 mm TeOs), esancio pries stiprinimo pakopas, dispersijos,
impulsas i$ dalies susispaudzia pries pasieckdamas stiprinimo kristalus.

Daznai sprendziant impulsy plétros-spudos uzdavinius, verta impulso spekt-
ring faze analizuoti skleidziant Teiloro eilute:

1 do¢ 1 d% 1 d3¢

~ - — O+ —5 O
ST B T e T3 s

1 d*¢
P4= ==
+4! dw?

w=wq w=w( w=wQ

(2.4)
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2.20 pav.: Grupinio vélinimo sistemos elementuose priklausomybé nuo bangos
ilgio

Sioje lygtyje spektrines fazeés isvestinés vadinamos (i$ eilés) grupiniu vélinimu
(group delay, GD), grupiniy vélinimy dispersija (group delay dispersion, GDD),
trediosios eilés dispersija (third order dispersion, TOD), ketvirtosios eilés dis-
persija (fourth order dispersion, FOD) ir t.t. Taigi, kompresoriaus dispersija
charakterizuosime skleidinio koeficientais. Nagrinéjant plataus spektro ultrat-
rumpuosius impulsus, svarbus skleidinio nariai bent jau iki ketvirtojo laipsnio.
Centrinis daznis wqg skleidinyje parinktas atitinkantis lazerio impulsui, kurio
spektro maksimumas yra ties 800nm. Nulinés ir pirmosios eilés nariai (2.4)
lygtyje lemia tik viso impulso poslinkj laike, todél analize pradedame nuo ¢//.
Suminés sistemos elementy dispersijos koeficientai pateikti 2.1 lenteléje.

2.1 lentelé: Sistemos elementy dispersijos koeficientai

GDD TOD FOD FiOD
109.7-103fs% | 75.1-103fs® | 16.8-103fs* | 57.2- 103 s°

Pagrindinio neigiamos dispersijos elemento schemoje - grizminio pléstu-
vo [113,114] - schema pavaizduota 2.21 pav. Jeinan¢iam pluostui luztant priz-
mése bei difraguojant nuo gardeliy, pasiekiama situacija, kai prietaise trum-
pabangéms spektro komponentéms sudaromas trumpesnis optinis kelias negu
ilgabangéms komponentéms, t.y., gaunama efektyviai neigiama grupiniy greiciy
dispersija. Tokios schemos jnesama dispersija suskaic¢iuoti palyginus nesunku
pasinaudojant paprastomis, taciau kiek griozdiskomis geometrinés optikos for-
mulémis [115]. Toliau pateiksime pagrindiniy Sios schemos dispersiniy savybiy
analize.
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Difrakcin¢ gardele

Retroreflektorius

2.21 pav.: Grizminio pléstuvo schema. PazZyméti geometriniai parametrai: d,
— atstumas tarp gardeliy, «; — spindulio jvedimo kampas (atkreipkite démesj i
susitarima dél «; Zenklo), ¥ — antrosios prizmeés virsunés kampiné koordinaté

Pléstuvas nagrinéjamas remiantis geometrinés optikos artiniu. Grizminio
pléstuvo dispersijos parametrus lemia optiniy komponenty savybés (prizmiy
stiklo rusis, virSunés kampas, gardeliy konstantos) ir geometriniai parametrai.
Modeliavimas atliktas tokiai pléstuvo konfiguracijai: prizmiy virsunés kampas
19 laipsniuy, stiklo rusis — SF11; gardeliy réziy tankis 300 réziy/mm, tarpelis
tarp prizmeés ir gardelés Imm. Kur nepaminéta kitaip, geometriniai parametrai
tokie: atstumas tarp gardeliy d, = 150 mm, spindulio jvedimo kampas o; = 0°,
antrosios prizmés kampiné koordinaté ¥ = 57.9°.

2.22(a) paveiksle parodyta ¢/ priklausomybé nuo atstumo tarp gardeliy dg,
esant keliems kritimo kampams «;. Paveikslas atskleidzia keletg svarbiy griz-
miy sistemos privalumy. Pirma, grizminis pléstuvas gali kompensuoti gana di-
delj kiekj teigiamos GDD likdamas kompaktiskas. Antra, GDD kiekis priklauso
nuo atstumo tarp gardeliy beveik tiesiskai. Trecia, skirtingais kampais jvedant
spindulj, net ir i tokiu paciu budu isdéstyty grizmiy galima gauti stipriai be-
siskirianc¢io masto dispersija. Ypatinga grizminio pléstuvo savybé — treciosios
eilés dispersijos kiekis ir netgi zenklas gali buti parinkti iS esmés nepriklauso-
mai nuo antrosios eilés dispersijos. Tuo grizmiy pora skiriasi nuo gardeliy poros
ir prizmiy poros (gardeléms visada ¢/ > 0, prizméms NIR diapazone visada
o < 0). 2.22(b)-2.22(d) paveiksluose parodytos treCiosios ir antrosios eilés
dispersijy santykio TOD/GDD priklausomybés nuo spindulio kritimo kampo
«;, antrosios prizmeés virsunés kampinés koordinatés W ir atstumo tarp gardeliy
dg. 2.22(b) ir 2.22(c) paveiksluose matoma, kad TOD/GDD kinta placiose ri-
bose ir keicia Zenkla. Kaip matoma paveiksluose, santykis TOD/GDD jautrus
kritimo kampo pokyc¢iams, maziau jautrus antrosios prizmeés padéciai ir beveik
nepriklauso nuo atstumo tarp gardeliy. Si grizmiy savybe labai patogi, nes
leidzia paprastai kompensuoti laisvai pasirinktus kiekius antrosios ir treciosios
eilés dispersiju. Tai atliekama parenkant «; ir ¥ norimai TOD/GDD vertei, o
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po to surandant atstuma, kuris atitikty norimam GDD kiekiui.
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2.22 pav.: Grizminio pléstuvo jnesamos dispersijos parametrai. (a) GDD pri-
klausomybé nuo atstumo tarp gardeliy; (b-d) TOD/GDD santykio priklauso-
mybé nuo, atitinkamai, spindulio jvedimo kampo; antrosios prizmés kampinés
koordinatés; atstumo tarp gardeliy

Dirbant su itin plataus spektro impulsais (< 10fs) ir dideliais impulsy
plétros-spudos laipsniais (= 9000), reikia atsizvelgti ir i aukstesniy eiliy dis-
persija. 4 ir 5 eilés dispersijy priklausomybeés nuo «; ir ¥ vaizduojamos 2.23
pav. Kitaip nei 3 eilés dispersija, 4 ir 5 eilés dispersijas suvaldyti néra papras-
ta. Juy zenklai neigiami visoje eksperimentiskai prieinamy grizmiy parametry
aibéje, o moduliai panasus j daugelio metry stiklo jneSamas vertes. Taigi vien
grizmémis pilnai kompensuoti plataus spektro impulso dispersijos nepavykty:
suderinus grizmes taip, kad buty kompensuojamos svarbiausios - 2 ir 3 eilés -
dispersijos, likty daug nekompensuotos aukstesniy eiliy dispersijos, dél kurios
iSvadiniai impulsai buty labai prastos kokybés.

Vienas efektyviausiy siuo metu zinomy budy kompensuoti auksteniyjy eiliy
dispersija - programuojami akustooptiniai dispersiniai filtrai [116]. Tokio filtro
optine dalj sudaro dvejopalauzis kristalas, prie kurio pritvirtintas pjezoelektri-
nis elementas, virpinantis kristala desimc¢iy MHz eilés dazniais. Kontroliuojant
pjezoelektrinio elemento vibracijas, kristale sukuriama valdomos formos akusti-
né banga. Siai bangai saveikaujant su optiniu signalu, j filtrg kritusios tiesiskai
poliarizuotos optinés spinduliuotés poliarizacija gali buti pasukta (pvz., spindu-
livoté i$ kristalo o asies perkelta j kristalo e asj). Parinkus tinkamus akustineés
bangos daznius ir akustinés bangos forma, galima pasiekti, jog pasirinkto ban-
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2.23 pav.: Grizminio pléstuvo jneSamos auksty eiliy dispersijos parametrai. (a)
4 ir 5 eiliy dispersijos priklausomybés nuo spindulio jvedimo kampo; (b) 4 ir 5
eiliy dispersijos priklausomybés nuo antrosios prizmés kampinés koordinateés

gos ilgio spinduliuoté is o poliarizacijos j e poliarizacija buty paversta norimame
kristalo taske. Tokiu budu grupinj vélinima, kurj akustooptinis filtras jnesa ties
kiekvienu bangos ilgiu, i esmés galima laisvai pasirinkti beveik visame interva-
le tarp naudojamo kristalo grupinio vélinimo o asyje ir e asyje (kuris priklauso
nuo kristalo iSpjovimo kampo).

Optimizavus pléstuvo geometrinius parametrus, atsizvelgiant j 2.22 ir 2.23
pav. parodytus désningumus, galima pasiekti, jog pléstuvo ir kompresoriaus
(bei visu kity sistemos elementy) aukstesniy eiliy dispersijos neatitikimus akus-
tooptiniu filtru buty galima kompensuoti pilnai. Spektriniy komponenciy gru-
piniai vélinimai tokiu atveju pavaizduoti 2.24 pav. 2.24(a) paveiksle parodytas
visas grizminio pléstuvo ir kity dispersiniy sistemos elementy mastas. 2.24(b)
smulkesnéje skaléje pavaizduotas nekompensuotos dispersijos likutis.

Visos dispersijos valdymo sistemos pagrindinis tikslas - uztikrinti, kad sis-
temos iSéjime impulsas buty suspaustas. 2.24 pav. tokia situacija atitikty
plokscia grupinio vélinio linija, t.y., vienodas grupinis vélinimas visoms spektro
komponentéms. 2.24(b) pav. matyti, kad tokia situacija pasiekti iSties gali-
ma - per visa mus dominantj spektro ruoza galima isvesti plokscia linija, kuri
visa patenka | AOPDF kontroliuojama grupiniy vélinimy diapazona. Maza
to, grupiniy vélinimy intervalo sritis, per kurig tokias linijas galima vesti, yra
netgi ganétinai plati. Taigi, galima tikétis, jog bent apytiksliai teisingai sude-
rinus grizminj pléstuva, impulso spuda optimizuoti bus galima tiesiog teisingai
parinkus AOPDF dispersijos parametrus. Tolimesniame skyrelyje kaip tik ir
aptarsime, kaip tai padaryti.
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2.24 pav.: (a) Pléstuvo ir visy kity sistemos elementy dispersiju suma (b)
Visy dispersijos elementy vélinimy suma ir AOPDF kompensavimo diapazonas
smulkesnéje skaléje. Melsva uztusuota sritis zymi AOPDF prieinama grupiniy
vélinimy diapazona. Raudona bruksniné linija pazymi, kad derinant AOPDF
galima suspausti impulsa - t.y. pasiekti, jog sistemos iSéjime grupinis vélinimas
visoms spektrinéms komponentéms buty vienodas

2.2.2. Chirpscan metodo taikymas impulsy, kuriy truk-
mé Zenkliai virsija spektru ribotajg trukme, spektro fazei
charakterizuoti

Norint teisingame kontekste parodyti chirpscan metodo svarba, reikia paminéti,
kad dauguma labiau tradiciniy impulsy charakterizavimo metody, tokiy kaip
antrosios harmonikos FROG arba SPIDER matavimai, su stipriai ¢irpuotais
impulsais (TBP»5) praktikoje veikia prastai arba yra iSvis nepritaikomi. Tuo
tarpu dél didelio spektro fazés valdymo tikslumo, reikalingo norint suspausti
keleto optiniy cikly impulsus, galimybé charakterizuoti impulsy, esanéiy toli
nuo suspaudimo, spektro faze, yra labai reikalinga. IS pradziy trumpai ap-
tarsime veiksnius, lemianc¢ius FROG ir SPIDER metody ribotuma dirbant su
nesuspaustais impulsais, o po to palyginsime juos su chirpscan metodika.
Antrosios harmonikos FROG atveju, vienas pagrindiniy faktoriy yra spar-
¢iai augantis duomeny masyvo dydis, o kartu - matavimo bei duomeny apdoro-
jimo laikas. Taikant dauguma jau standartais tapusiy FROG duomeny inter-
pretavimo algoritmy varianty, reikalingas FROG matavimo laikinis zingsnis At
suristas ne su matuojamo impulso trukme, o butent su spektro ploc¢iu Av Furjé
transformacijos sarySiu At oc 1/Av. IS esmes tai reiskia, kad, nepriklausomai
nuo to, kokia yra impulso trukmé, FROG matavimo laikinis zingsnelis turi bu-
ti artimas zingsneliui, reikalingam matuojant (beveik) suspausta impulsa. Jei
tipiskai beveik suspaustam ne visai glotnios formos impulsui pamatuoti reika-
linga surinkti antrosios harmonikos spektrus 64-128 veélinimo linijos padétyse,
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impulsui, kurio trukmeé spektru ribota trukme virsija, pvz., 100 karty, reike-
tu surinkti 6400-12800 antrosios harmonikos spektry. Atsizvelgiant j tipiskus
FROG matavimy schemy veikimo greicius, vien pats matavimas tokiu atveju
galéty uztrukti virs valandos. Nors matavimo schemg buty galima optimizuoti
kiek greitesniam veikimui, rimtesné problema yra FROG skaic¢iavimy laikas.
Visigkai paprasto impulso atkurimo i§ FROG matavimo (64x64 tasky tinklelis)
duomeny laikas siekia keleta sekundziy. FROG skai¢iavimy laikas proporcin-
gas N21In N, todél tokio matavimo atkiirimas standartiniais metodais galéty
uztrukti apie para. Akivaizdu, kad kasdieniam sistemos optimizavimui toks

metodas visiskai netinkamas.

SPIDER metodas pajégumais matuoti stipriai ¢irpuotus impulsus taip pat
pasigirti negali. Nors SPIDER matavimas i$ pirmo zvilgsnio gali atrodyti per-
spektyviau, nes i$ principo yra vienasuvis ir viendimensinis (matuojami tik du
spektrai), todeél iSvengia dideliy duomeny kiekiy, be to, SPIDER matavimo
duomenys apdorojami tiesioginiu skaic¢iavimu, o ne iteratyviu algoritmu, ga-
limybés SPIDER metodu matuoti ¢irpuotus impulsus yra dar menkesnés nei
FROG. SPIDER matuojamas ¢irpas tiesiogiai susijes su matavime naudoja-
mo spektrometro skyra. Norint pamatuoti impulsa, kurio TBP>20, reikéty
nepraktiskai aukstos skyros spektrometro.

Chirpscan metodu galima apytikriai (kai kuriais atvejais ir tiksliai) charak-
terizuoti plataus spektro impulsy spektrine faze net ir tada, kai impulsai yra
toli nuo suspaudimo. Kaip ir FROG atveju, eksperimente stebimas paramet-
ras - matuojamo impulso antrosios harmonikos spektras, tac¢iau uzuot pada-
linus pluosta j dvi dalis ir keitus vélinimg tarp impulsy dviejuose pluostuose,
chirpscan matavimui j spindulj yra jdedamas spektro fazés moduliatorius, ir
fiksuojama antrosios harmonikos priklausomybé nuo spektro fazés moduliaci-
jos. Vienas i$ metodo privalumy - tai, jog matavima atlikti galima su i$ esmes
bet kokios rusies spektro fazés moduliatoriumi, jei tik moduliatorius pasizymi
tolydziai derinamu dispersijos parametru. Pavyzdziui, yra pademonstruotas
keliy desim¢éiy fs trukmés impulso charakterizavimas matuojant impulso antro-
sios harmonikos spektro priklausomybe nuo lazerinés sistemos kompresoriaus
padéties [117], o keleto optiniy cikly impulsams gerai tinka d-scan metodas, ku-
riame matuojama antrosios harmonikos spektro priklausomybé nuo i pluosta
ikisty stiklo pleistuky padéties [118].

Chirpscan metodo esmé remiasi tuo, kad, impulsui esant faziskai moduliuo-
tam, efektyviausiai netiesiniuose procesuose dalyvaus tos spektrinés kompo-
nentés, ties kuriomis ¢ (w) /7 = 0, t.y., tos komponenteés, kuriy aplinkoje fazinés
moduliacijos néra [119,120]. Turint galimybe tolydziai ar bent diskretiskai ske-
nuoti <p(w)" ir ties kiekviena verte registruoti spektra impulso, sugeneruoto
kokiame nors netiesiniame procese, pavyzdziui, per antrosios harmonikos ge-
neracija, ir surandant ¢y, (2w)" verte, ties kuria dazninés komponentés w;

generuojamos antros harmonikos intensyvumas pasiekia maksimuma, tiesiogiai
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nustatoma o (w;)” verté: ¢ (w;)” = —pars. Zinant ¢ (w;)”, suzinoti mus domi-

nancig p(w) labai lengva - tereikia du kartus suintegruoti ¢(w)”.
Tarkime, kad matuojamo impulso kompleksinis spektras E(w) apraomas
funkcija
E(w) = A(w) - exp [—ip(w)] (2.5)

kur A(w) - spektro amplitudé, o p(w) - spektro fazé. Chirpscan matavimo
metu fazés moduliatoriumi prie impulso fazés pridedama papildoma funkci-
ja dmod(w). Lengviausiai interpretuojamu (ir mums aktualiausiu) atveju, kai
spektro fazé moduliuojama pridedant kvadratines funkcijas, kuriose grupiniy

vélinimy dispersijos koeficienta pazymeésime G, ¢mod(w) = %uﬂ, ir impulso
kompleksinis spektro iSraiska bus tokia:

. ) G ,

Ew,G) = A(w) -exp |—i| p(w) + Pl (2.6)

Jei yra zinomas impulso elektrinio lauko kitimas laike E(t), chirpscan pédsaka
patogu aprasyti tokia formule:

Tswe (,G) = |s { (s [s [B(t)] - exp (—‘;w)])H (2.7

Cia § ir §~* zymi atitinkamai tiesiogine ir atvirkstine Furjé transformacija.
Yra parodyta, kad toks pédsakas abipus vienareiksmiskai susietas su ji gene-
ruojanciu impulsu, t.y., bet kokia galima impulso forma turi unikaly chirpscan
pédsaka [117]. Remiantis (2.7), Zinomos formos impulsui apskaiciuoti chirpscan
pédsaka nesunku, ta¢iau jei visada zinotume E'(t), toks skaiCiavimas net nebuty
aktualus. Daug naudingiau buty apskaicivoti E(t), zinant Isyae(w, G), taciau
dél matematinés iSraiskos sudétingumo to analiziskai padaryti nejmanoma.
Kita vertus, tokiu metodu pamatuotas priklausomybes Isga (w, ¢”) lengva
interpretuoti intuityviai: pagal gaunama pédsako formg galima tiesiog i$ akies
nustatyti dominuojancia dispersijos eile ir zenklg [117]. 2.25 pav. pateikiami
pavyzdziai pagal (2.7) skaitmeniskai sugeneruoty chirpscan duomeny masyvy
keletui impulsy su zinomais spektro fazés iSkraipymais, kurie pateikiami 2.2
lenteléje. Daugeliu atveju vos paziuréjus i chirpscan pédsaka issyk galima jsi-
vaizduoti ¢ (w)” formg: nesant fazinés moduliacijos, maksimumy linija yra tiesi
(a); kai faziné moduliacija kvadratiné, visas pédsakas nesikeiéia, tik pasislenka
GDD asies kryptimi (b); kubiné faziné moduliacija matoma kaip tiesés for-
mos pokrypis (c¢) variante (neatrodo visiskai tiesus dél netiesinio bangos ilgiy ir
dazniy skaliy sarysio); ketvirtosios eilés dispersija matoma kaip parabolé (d),
o penktosios eilés dispersija - kaip kubiné kreive (f). 2.25(g) pav. pateikia-
ma sinusinés fazinés moduliacijos atveji aptarsime kiek véliau. 2.25 pav. taip
pat parodytas pédsakas impulso, paveikto antrosios, treciosios, ketvirtosios ir
penktosios eiliy dispersijos (f) variantas, taip pat parodyta moduliuoto impulso
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2.2 lentelé: Chirpscan modeliy (2.25 pav.) dispersijos koeficientai

Nustatyti modelyje Apskaiciuoti

GDD | TOD | FOD FiOD || GDD | TOD | FOD FiOD

[fs?] [fs3] [fs?] [fs?] [fs?] [fs?] [fs?] [fs?]
(a) || 0 0
(b) || -200 -200 0 0
(c) 600 0 599 5
(d) 5000 38 5 4557
(e) 20000 || O 152 26 15053
(f) -200 600 5000 20000 || -161 731 4492 15457
(g) || - -
(h) | O 0
(i) -200 600 5000 | 20000 || -155 750 4406 14597

spektro jtaka pédsako formai, kai impulsas yra spektru ribotas (2.25(h)) arba
yra faziskai moduliuotas jvairiy eiliy dispersija, kaip ir 2.25(f). 2.2 lenteléje ma-
tyti, kad visais atvejais - neziurint sudétingos spektro formos - i$skyrus 2.25(g),
fazinés moduliacijos koeficientai gerai sutampa su modelyje nustatytaisiais.

Tokie matavimai ypac¢ naudingi tik pradedant optimizuoti impulsy spu-
da OPCPA sistemoje, kurioje impulsai pleciami palyginus daug. Dél didelio
grizminio pléstuvo jautrumo geometriniams parametrams, kuriy kai kuriuos
nelengva tiksliai iSmatuoti, bei nedidelio, bet visgi egzistuojancio dideliy stiklo
bloky luzio rodiklio neapibréztumo, praktiskai nejtikétina, jog grizminj pléstuva
buty jmanoma teisingai sukonfiguruoti remiantis vien teoriniais skaic¢iavimais.
Chirpscan matavimai efektyviai padeda charakterizuoti impulsy spektro fazés
iskraipymus net tada, kai jie buna gan dideli - per dideli charakterizuoti kitais
budais.

Visgi $i paprasta chirpscan matavimy interpretacija néra iki galo teisinga.
Kaip matyti lyginant 2.25 pav. ir 2.2 lentelés, linijos, vedamos per inten-
syvumo maksimumus ties kiekvienu bangos ilgiu, tiksliai sutampa su ¢ (w)"
tik tada, kai faziné moduliacija yra kvadratiné arba kubiné (a-c variantai).
Nors kokybinis panasumas islieka ir esant aukstesniy polinominiy eiliy fazi-
nei moduliacijai, aproksimuojami dispersijos koeficientai nebeatitinka tiksliai
(d-f variantai). Nors faktas, jog matavima ir spektro fazés taisyma kartojant
keleta karty aukstesniy eiliy dispersijos jtaka nyskta, leidzia tikétis metoda pa-
naudoti jei ne pilnam spektro fazés charakterizavimui ir kompensavimui vienu
matavimu, tai bent jau manyti, kad impulsa bus galima suspausti po keleto
iteracijy, blogiau yra tuo atveju, jei faziné moduliacija yra osciliuojanti, kaip
2.25(g) pav.: rySys tarp intensyvumo maksimumy ir fazinés moduliacijos pasi-
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2.25 pav.: Apskaiciuoti chirpscan paveikslai esant jvairiems spektro fazés is-
kraipymams. Logaritminé spalvy skalé koduoja antrosios harmonikos signalo
intensyvuma. (a)-(g): ploks¢ios virSunés spektro impulsams; (h)-(i):
liuoto spektro impulsams. Spektro fazés iskraipymai kiekvienu atveju aprasSyti
lenteléje. Juodos istisinés linijos zZymi maksimumy padétis. Baltos bruksni-
nés linijos zymi juody linijy aproksimacija polinomine kreive. Plonos baltos
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iStisinés linijos zymi paveiksly integralus per atitinkamas asis.
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daro iSvis nebeaiskus. Be to, rezultatams turi jtakos ir spektrinio intensyvumo
forma. Yra pasiulyta budy, kaip su Siais netikslumais tvarkytis, pvz., ribojant
matavimo dazniy juosta [121], tadiau net ir Sie metodai situacija pagerina tik
is dalies.

Atsizvelgiant | minétus paprastos chirpscan metodo interpretacijos ribo-
tumus, buvo nuspresta musy OPCPA sistemoje naudoti chirpscan matavima
dviem budais: kol impulsas yra stipriai nesuspaustas ir dominuoja Zemesniy
eiliy dispersija, pirmiausia ji taisoma keletu siame skyrelyje aprasyto metodo
iteraciju. Neblogai istaisius zemesniy eiliy dispersija, reikia taikyti specialiai
siam darbui sukurta chirpscan duomeny interpretavimo algoritma, kuris is ty
paciy matavimo duomeny atkuria pilna impulso spektro ir spektrinés fazés for-
ma, nesiremdamas polinominémis fazés aproksimacijomis. Svarbi motyvacija
Sio algoritmo kurimui buvo ta, jog musy sistemoje naudojami placiajuosciai
dielektriniai ¢irpuoti veidrodziai - yra placiai zinoma, kad tokie veidrodziai
inesa osciliuojancios formos fazine moduliacija, su kuria paprastasis chirpscan
metodas akivaizdziai nesusitvarko. Specialaus algoritmo veikimas aprasomas
tolimesniame skyrelyje.

2.2.3. Chirpscan metodo taikymas beveik suspaustiems
impulsams charakterizuoti

Svarbi darbo dalis buvo algoritmo, skirto is chirpscan pédsako be aproksimacijy
atstatyti impulsa, realizavimas. Kaip minéta, chirpscan pédsake yra visa in-
formacija apie impulsa. Tam buvo panaudota apibendrintyjy projekciju (angl.
generalized projections) algoritmo idéja, kuri jau seniai naudojama atkuriant
impulsus i§ FROG tipo matavimy [65]. Uzdavinys formuluojamas taip. Turime
iSmatuota antrosios harmonikos intensyvumo Igy priklausomybe nuo bangos
ilgio A ir moduliuojamo parametro p, t.y., Isg (A, p). FROG tipo matavimy at-
veju parametras p yra vélinimas tarp dviejy impulsy autokoreliatoriuje; chirps-
can atveju p - fazés moduliatoriumi pridétos dispersijos kiekis. Norime surasti
ta pédsaka sugeneravusio impulso laikine forma E () (dazniausiai formuluojant
tokius uzdavinius nagrinéjamas ne pats elektrinis laukas, o impulso gaubtiné ir
jos faziné moduliacija - taigi, $iuo atveju E (t) yra kompleksinis dydis). Pazy-
meéjus i$ atkurto impulso E(t) sugeneruota pédsako elektrini laukg Eg;q(w,p),
impulso atkurimo teisingumas vertinamas RMS paklaidos tarp iSmatuoto péd-
sako Ispa(w,p) ir atstatyto pédsako |Eg;q (w,p)|” parametru K [63]:

) /2
K= {MlN ;M;N [ISHG(wap) - |Esig(w,p)|2:| } (2.8)

¢ia M, N - diskretizacijos tinklelio tasky skaiciai atitinkamai daznio ir pa-
rametro atzvilgiu. Taigi, tikslas - surasti tokj sprendinj E(t), kuris atitikty
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Aibé sprendiniy, atitinkanciy
matematines formos salyga

Teisingas_sprendinys -
aibjy Susilietimo taske ——==

(atitinka abi sglygas) Pradinis spejimas

Aibé sprendinjy, atitinkanciy
eksperimentiniy duomeny
salyga

2.26 pav.: Apibendrintyju projekcijy algoritmo idéjos iliustracija

globalyji paklaidos K minimuma. Apibendrintyjuy projekciju algoritmas re-
miasi pastebéjimu, kad teisingas uzdavinio sprendinys turi atitikti dvi salygas,
kurias pavadinsime (1) eksperimentiniy duomeny salyga ir (2) matematinés
formos salyga. Eksperimentiniy duomeny salyga skamba taip: tam, kad mata-
vimas atitikty eksperimentinius duomenis, |Ey;q (w,p))* = fgfp ')(w7p). Svar-
bu pastebeéti, kad eksperimente matuojamame dydyje Isy(w,p) néra fazineés
informacijos. Matematinés formos salyga reiskia, kad Ey;q(w,p) turi buti ga-
lima sugeneruoti i§ duoto impulso elektrinio lauko E(t), pasinaudojant tam
tikru matematiniu sarysiu, aprasanciu netiesinj generacijos procesa. [vairioms
FROG matavimo geometrijoms Siuos sarySius galima rasti [122], o mums ak-
tualiu chirpscan matavimo atveju Sis sarySis yra jau minéta (2.7) lygtis, tik
neimant modulio kvadrato:

By o) =5 { (57 [5 B0 o0 (~i57)]) (29)

Algoritmo esminé idéja - pradedant nuo kokio nors pradinio spéjimo (kuris gali
buti nors ir atsitiktiniy skaiciy rinkinys), projektuoti sprendinj i aibe spren-
diniy, atitinkanciy (1) salyga; tada projektuoti i aibe sprendiniy, atitinkanciy
(2) salyga; vel i (1) salyga; ir t.t. Kadangi tikrasis sprendinys yra tik vienas ir
privalo atitikti abi salygas, jis yra aibiy susilietimo taske. Projektuojant spren-
dinj tai j viena, tai j kita aibe, sprendinys nuolat artéja prie aibiy susikirtimo
tasko. Schematiskai si situacija pavaizduota 2.26 pav.

Iki Siol neaptarta, kaip butent vyksta minimos projektavimo operacijos.
Projektavimo j duomeny salygos aibe operacija atliekama labai paprastai -
pakeic¢iant sprendinio amplitudes eksperimentinémis vertémis, o fazes paliekant
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tas pacias:

Esi (n)
Esig(wap)(n+1) = Esiglw,p) ™ “VIsua (2.10)
|Esig(w7p)(n)|

Yra parodyta, kad tokia operacija is tiesy yra apibendrinta projekcija, t.y.,
tai yra trumpiausias kelias pakeisti sprendinj taip, kad jis atitikty eksperimen-
tiniy duomeny salyga [123].Projekcija | matematinés formos salygos sprendiniy
aibe jmanoma tik apytiksleé, ir atliekama kiek sudétingiau. Joje operuojama
ir sprendiniu-matrica Es;q(w,p), ir sprendiniu-impulsu E(t). Visy pirma api-
bréziamas apibendrintas atstumas Z tarp Fg;4 (kuris po projekcijos i duomeny
aibe nebeatitinka matematinés formos salygos) ir sprendinio-matricos E,qc,
suskaifiuojamo pagal (2.9) formule i§ sprendinio F(t):

M,N
Z = Z ‘Esig — Eeaic| (2.11)

Wi, Pi

Tolimesnis sprendimo tikslas - pakeisti sprendinj E'(t) taip, kad Sis atstumas
buty minimizuotas. Tai atliekama skai¢iuojant gradienta ¢ - dalines iSvestines
%Zti kiekvienam sprendinio taskui (gradienta) ir is sprendinio atimant gradien-
ta, padauginta i daugiklio d, taip pat parenkamo taip, kad buty minimizuotas
Z. Taip gautas sprendinys E(t)(**t1) = E(t)("™) —(d vél naudojamas kitoje skai-
¢lavimy iteracijoje. Tipiskai patenkinamas atkurto pédsako sutapimas su eks-
perimentiniu pédsaku pasiekiamas per 50-100 iteracijy. Naudojant ypatingais
parametrais nepasizymintj siuolaikinj nesiojamajj kompiuterj, impulso, esancio
netoli suspaudimo (TBP<3), pédsako atkurimas uztrunka keliolika sekundziy.
Sudétingesniais atvejais atkurimas gali uztrukti keleta minuciy, taciau ir toks
laiko tarpas yra visiskai priimtinas, jei impulsas charakterizuojamas patikimai,
t.y., jei tokio impulso atstatymo metu apskaiciuotas fazinés moduliacijos cha-
rakteristikas iStaisius gaunamas suspaustas impulsas. Siekiant tuo jsitikinti,
buvo atlikti keli eksperimentai, kuriy rezultatai pateikiami zemiau.

Visy pirma buvo atlikti skaitiniai eksperimentai - sugeneravus chirpscan pa-
veiksly impulsams, pasizymintiems sudétinga spektro intensyvumo ir spektro
fazés moduliacija, bandyta i$ ty duomeny atstatyti pradinio impulso charakte-
ristikas. Vieno tokio bandymo rezultatai pavaizduoti 2.27 pav. Matyti, kad net
ir esant itin moduliuotam spektrui ir sudétingai spektrinei fazei, pasizyminciai
ir auksty eiliy dispersijos ir osciliacijy, algoritmo atkurti paveikslai ir impul-
so bei spektro fazés profiliai neatskiriamai sutampa su jvesties duomenimis.
Tai patvirtina ir santykinés paklaidos kitimas bégant iteracijy skaic¢iui: po 110
iteracijy, santykiné paklaida tarp algoritmui pateikto paveikslo ir algoritmo at-
kurto paveikslo pasiekia 10710, sitikinome, kad algoritmas veikia, ir jj galima
taikyti realiuose eksperimentuose. Svarbu paminéti, kad siekiant geriausio su-
tapimo su eksperimentiniais rezultatais, algoritme reikéjo pritaikyti antrosios
harmonikos generavimo proceso apra§ymo pataisas, detaliai iSnagrinétas [124].
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2.27 pav.: Chirpscan atkurimo skaitinio eksperimento rezultatai. (a),(b): su-
generuotas ir algoritmo atkurtas chirpscan paveikslai; Modelio impulso ir al-
goritmo atkurto impulso parametry palyginimai: (c¢): spektrai; (d): impulso
gaubtinés; (e): spektro fazés. (f): santykinés atkurimo paklaidos mazéjimas
vykstant algoritmo iteracijoms

2.28 pav. parodyti rezultatai eksperimento, kurio metu, startuojant nuo
suspausto impulso, su AOPDF buvo pritaikoma zinomo dydzio faziné mo-
duliacija, o po to atkuriant tokiy impulsy chirpscan matavimus, nustatomas
atitikimas tarp AOPDF nustatyty ir iSmatuoty dispersijos koeficienty. Kaip
matyti, atitikimas puikus ir 3, ir 4 eilés dispersijoms. Matavimai buvo atlikti
su VU LTC OPCPA sistema.
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2.28 pav.: Chirpscan budu atkurtos 3 ir 4 eiliy dispersijos koeficienty priklau-
somybés nuo AOPDF nustatyty dispersijos koeficienty

Eksperimentuojant taip pat paaiskéjo, kad algoritma nesunkiai galima pri-
taikyti dirbti ne tik su AOPDF. Vietoj grynos kvadratinés spektro moduliacijos
iskaic¢ius BKY7 stiklo dispersija, iS esmeés toks pats matavimo budas ir duomeny
apdorojimo algoritmas puikiai tinka matuoti ~ 10fs impulsus dispersija kei-
¢iant stiklo pleistuky pora. Tokio matavimo rezultatai pateikiami 2.29 pav.
Matyti, kad gerai sutampa ne tik eksperimentinis ir atkurtas chirpscan pa-
veikslai, bet ir i§ chirpscan paveikslo atkurta ir kitu spektrometru iSmatuota
impulso spektro forma.
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2.29 pav.: Chirpscan matavimo, kai dispersijai keisti naudojama stiklo pleis-
tuky pora, rezultatai. (a) eksperimentinis chirpscan paveikslas (b) algoritmo
atkurtas chirpscan paveikslas (c) Atkurto impulso (tpwma = 8.5fs) formos
palyginimas su spektru ribota impulso forma (7pw gy = 7.91s) (d) Atkurtas
spektras ir spektro fazé bei palyginimas su nepriklausomai iSmatuoti spektru
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Siame skyrelyje apragyta impulsy charakterizavimo metodika buvo svarbus
zingsnis link tolimesniuose skyreliuose aprasomy rezultaty - didelés energijos
OPCPA impulsy suspaudimo iki keleto optiniy cikly.

2.3. Didelés smailinés ir vidutinés galios
OPCPA sistema

2 skyriuje aprasyti tyrimai buvo skirti spresti uzdavinius, kylancius is poreikio
turéti stabilios CEP, keleto optiniy cikly Saltinj. Taciau nors metodus jdomu
bandyti, visas jdomumas prasideda bandant is tikryjy sukonstruoti OPCPA
sistema.

2.3.1. Skirtuminio daznio generatoriaus ilgalaikis veiki-
mas

Skirtuminio daznio generatoriaus schema, aprasyta 2.1.1, buvo surinkta ant
standartinés montazinés plokstés. Nors tokio mechaninio sprendimo pakako
pademonstruoti stabily veikima trumpuose laiko intervaluose ir jsitikinti, kad
pasyvusis CEP stabilizavimo metodas veikia daug geriau nei aktyvus Yb:KGW
osciliatoriaus CEP stabilizavimas, norint sia schema naudoti kaip didelés ir su-
détingos sistemos uzkrata, reikéjo dar didesnio patikimumo. Siuo tikslu buvo
suprojektuotas korpusas, kuris buvo pakankamai mazas montuoti tiesiai ant
Yb:KGW lazerio ("Pharos", Light Conversion) kompresoriaus. Tokiu budu
buvo minimizuota keleto veiksniy, galinc¢iy neigiamai paveikti sistemos patiki-
muma, jtaka:

¢ realizuotas minimalus jmanomas optinis kelias tarp lazerio isé¢jimo ir mo-
dulio jéjimo - tokiu budu minimizuojama lazerio spindulio krypties po-
kycio jtaka

e minimizuotas optinis kelias paciame modulyje - sumazinama galimo op-

tiniy komponenty laikikliy iSsiderinimo jtaka

o modulis kompaktiskas ir beveik sandarus - tokiu budu jis izoliuotas nuo
oro srauty, kuriuos sukuria laboratorijy védinimo sistemos

Toks modulis jau leido uztikrinti patenkinama OPCPA uzkrato generatoriaus
veikima pakankamai ilgg laika, taciau buvo pastebéta, kad suderinto modulio
iséjimo energijos pokyciai stipriai koreliuoja su oro drégmés pokyciais labo-
ratorijoje. Vienas geriausiy budy ribotame turyje uztikrinti fiksuota (nuline)
drégme - praputimas grynu azotu. CEP stabilizavimo modulio, prapuciamo
azotu, energijos ir trumpalaikio energijos stabilumo matavimas sistemai nuolat
veikiant 12 pary, pavaizduotas 2.30 pav. Galima atkreipti démesj, jog ma-
tuojama buvo skirtuminio daznio generatoriaus signalinio impulso (a~ 800nm)
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energija . Taip buvo pasirinkta todél, kad signaliné banga jokios kitos paskir-
ties sistemoje neturi, o jos energija yra vienareikSmiskai susijusi su Salutinés
bangos energija. Tokiu budu galima sékmingai nuolat sekti sistemos bukle,
neprarandant nei trupucio naudingos salutinés bangos energijos.

Matyti, kad per beveik dvi savaites veikimo, modulio i$éjimo energijos svy-
ravimo amplitudé (skirtumas tarp maziausios ir didziausios impulso energijos)
nevirsijo 2%, o trumpalaikis energijos triukSmas niekada nevirsijo 0.3%. Nors
skirtuminio daznio generatoriaus iSéjimo parametrai savaime néra rekordiniai,
Sis matavimas yra vienas ilgiausiy mokslinéje literaturoje publikuoty paramet-
riniy stiprintuvy veikimo ilgalaikiy testy. Toks stabilus pirmosios sistemos
grandies veikimas yra kritiskai svarbus visai tolimesnei sistemos veikai, nes
jei diena i$ dienos keistysi pradinio uzkrato, kuris po to dar formuojamas ke-
liais netiesiniais procesais, parametrai, buty nejimanoma pritaikyti tolimesniy
stiprinimo pakopuy parametry, be to, jei kasdien reikty skirti laiko i$ naujo opti-
mizuoti uzkrato generatoriy, o po to ir visas tolimesnes stiprinimo pakopas, net
ir per labai ilga darbo dieng grei¢iausiai buty nejmanoma prieiti iki galutiniy
iSéjimo parametry, pvz., impulsy spudos optimizavimo.

2.3.2. OPCPA sistemos isvadiniai parametrai ir jy apta-
rimas

Nd:YAG lazeriu kaupinamy OPCPA pakopy pagrindiniai parametrai - kaupi-
nimo energija Fy, kaupinimo intensyvumas I, sustiprinto signalo energija Fj,
signalo energijos stabilumas o(Ej), kristalo storis I, ir keitimo i§ kaupinimo }
signalg efektyvumas n_s pateikti 2.3 lenteléje.

Pirmose dviejose stiprinimo pakopose efektyvumas yra palyginus Zemas.
Visy pirma taip yra dél to, jog jose naudojami plokscios laikinés gaubtinés im-
pulsai, kuriy trukmés gerokai ilgesnés nei signalinio impulso, kurio trukmé turi
buti suderinta su paskutiniy pakopy kaupinimo impulsy trukme. Pirmosios
pakopos impulsas specialiai formuojamas tokiu budu tam, kad kuo tolygiau
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2.30 pav.: CEP stabilizavimo modulio signalinio impulso energijos ir energijos
stabilumo (2000 impulsy energijos verc¢iu standartinis nuokrypis) kitimas per
12 pary nuolatinio veikimo.
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2.3 lentelé: Pikosekundinio kaupinimo OPCPA pakopy parametrai

Pakopa E I E o(Es) lir Me—s
[mJ] [GW/cm?] | [mJ] [%] [mm] [%]

Uzkratas - - 0.001 0.2 - -

1 5 6 0.22 2.2 6 3.98

2 54 4 7.5 0.9 6 13.5

3 102 3 33.8 0.8 4 25.7

4 67.5 0.75 2.5 24.6
138 3

4* 53.7 0.5 4 14.4

stiprinty visa uzkrato spektra. Kadangi sio impulso energija tik 5mJ, bendram
sistemos efektyvumui didelés jtakos tai nedaro. Antrojoje pakopoje plokscios
virsunés impulsas naudojamas todél, kad toks impulsas gaunamas pakartotinai
generuojant antraja harmonika i$ nuskurdinty dviejy didelés energijos pluosty.
Nors antroji pakopa taip pat veikia ne itin efektyviai, pakartotinis antrosios
harmonikos generavimas leidzia panaudoti kaupinimo energijos dalj, kuri ki-
taip nebuty panaudota iSvis. Didziausios energijos impulsais kaupinamos stip-
rinimo pakopos yra stipriai jsotintos, ir efektyvumas jose sickia 7,_s ~ 25%.
Paskutinéje stiprinimo pakopoje buvo iSbandyti dviejy storiy - 2.5mm ir 4mm

- kristalai. Dél didelio paskutinés stiprinimo pakopos uzkrato energijos santy-
1
4
kristalu ir nedideliu kaupinimo intensyvumu Ij, ~ 3GW /cm?. Naudojant §io-

kio su kaupinimo energija (E,/E, = ;), sotis pasiekiama su salyginai plonu
je pakopoje 4mm storio kristalg, efektyvumas smarkiai sumazéja dél stiprios
atgalinés konversijos. OPCPA sistemose, kaupinamose Gauso pluostais, tokio
masto atgaliné konversija jau lemty nepriimtinus pluosto ir impulso iskraipy-
mus, taciau Sioje sistemoje dél itin homogenisky plokscios virsunés kaupinimo
pluosty atgalinés konversijos jtaka pluosto profiliui buvo visiskai nepastebima,
o atgalinés konversijos nulemtus spektro fazés iskraipymus buvo galima sék-
mingai kompensuoti akustooptiniu moduliatoriumi. Jdomu tai, kad pasiekus
tokia stipria atgaline konversijos, buvo pasiektas itin geras sustiprinto signalo
energijos stabilumas o(Fs) = 0.5%. Galima pastebéti, kad Sis rezultatas gerai
sutampa su publikuotais skaic¢iavimais, rodanciais, kad geriausias OPCPA is-
éjimo energijos stabilumas pasiekiamas jau atgalinés konversijos rezime [125].
Kai kuriems taikymams toks kompromisas galéty buti priimtinas.

Matavimy rinkinys, charakterizuojantis pagrindinius OPCPA sistemos im-
pulso parametrus, pavaizduotas 2.31 pav. Tiesiogiai matuoti >5TW siekian-
¢ios galios impulsy parametrus yra beveik nejmanoma, todél matavimai buvo
atlikti diagnostiniame pluoste - pagrindinio pluosto atspindyje nuo nedengto
langelio (zr. 2.1 pav.), taciau reikia pabrézti, jog buvo dedamos pastangos kiek
imanoma suvienodinti pagrindinio ir diagnostinio pluosty patiriama dispersi-
ja: abiejuose pluostuose buvo islaikytas vienodas stiklo kiekis, be to, abiejuose
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pluostuose naudoti ¢irpuoti veidrodziai, kuriy dangos uzgarintos to paties pro-
ceso metu.

Impulso gaubtinés matavimas, pateikiamas 2.31(a) pav., atliktas komer-
ciniu prietaisu (Wizzler-USP, Fastlite, Prancuzija), veikianc¢iu saviatraminés
spektrinés interferencijos metodu (angl. Self-Referenced Spectral Interferomet-
ry - SRSI). Sis metodas giminingas SPIDER metodui; skirtumas tik toks, kad
stebima spektriné interferencija tarp matuojamo impulso ir per X(3) netiesis-
kuma to paties impulso ploname BaFy kristale generuojamos statmenai polia-
rizuotos bangos (angl. cross-polarized wave generation - XPW), kuri pasizymi
plokstesne spektro faze [126,127]. Nors Siuo prietaisu naudotis patogu dél to,
jog metodas, kaip ir dauguma kity SPIDER atmainy, yra vienasuvis, o paties
prietaiso suderinimas itin paprastas, SRSI pasizymi dideliu praktiniu trukumu -
formulés, kuriomis naudojantis i$ interferogramos apskaic¢iuojama impulso for-
ma, remiasi prielaida, jog XPW impulsas yra spektru ribotas (ar bent beveik
spektru ribotas), o i prielaida teisinga tik tuomet, kai matuojamasis impulsas
jau yra suspaustas iki trukmeés, spektru ribotaja trukme virsijancios ne daugiau
nei ~ 2 kartus. Kadangi musy sistemoje > 250 nm apimancio spektro impulsas
yra pleciamas iki trukmés, spektru ribotaja trukme virsijancios 7000 karty, ji
suspausti tiek, kad buty galima matuoti Siuo prietaisu, jau savaime yra Sioks
toks pasiekimas. Visgi, sig impulso spudos optimizacijos dalj atlikus 2.2.2-2.2.3
skyreliuose aprasytais budais, SRSI matavimais galima pasikliauti. Be to, SRSI
matuojamos impulso trukmeés gerai sutapo su chirpscan bei autokoreliatoriumi

matuotomis impulso trukmémis.

Iséjimo impulsy spektras pavaizduotas 2.31(b) pav. Lyginant su ankstes-
néje I publikacijoje gautu OPCPA is¢jimo spektru, matyti, kad tvarkingos
formos spektras siekia kiek toliau j infraraudongja puse - ties 1000 nm spekt-
rinis intensyvumas vis dar virsija 10% nuo maksimalios vertés. Sis spektro
praplitimas - pradinio uzkrato kontinuumo kaupinimo bangos ilgio paslinkimo
i infraraudonaja puse (1.3pm vietoj ankséiau naudoty 1.03pm) pasekmeé. Ga-
lutine OPCPA is¢jimo spektro forma lemia daugybé veiksniy, tac¢iau galima
teigti, jog pagrindiniai veiksniai, lemiantys, jog trumpabangéje spektro puséje
yra smailé, yra du. Pirmasis - impulso plétra privalo buti suderinta su stikly,
kuriais impulsas suspaudziamas, dispersija, kuri ties 750 nm yra zZenkliai dides-
né nei ties 1000 nm. Dél to dazniy intervalas tarp w ir w + Aw trumpabanggéje
spektro puséje uzima santykinai didesnj laiko tarpa nei ilgabangéje spektro
puséje, taigi vienetiniam dazniy intervalui trumpabangéje spektro puséje tenka
daugiau kaupinimo impulso energijos. Sj efekta dar sustiprina antrasis veiksnys
- Nd:YAG tiesiniy stiprintuvy savybé formuoti impulsa su statesniu priekiniu
frontu.

OPCPA sistemoje pademonstruotas itin aukstas iSvadiniy impulsy laikinis
kontrastas. Kitose panasiose sistemose palyginamos laikinio kontrasto vertés
pasiekiamos tik po papildomo iSvadinio impulso valymo, pvz., plazmos veidro-
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2.31 pav.: OPCPA sistemos iSvadiniy impulsy matavimas. a) Impulso laikinis
profilis, pamatuotas SRSI prietaisu ir jo palyginimas su spektru ribotu (TL)
impulsu b) OPCPA sistemos iSvadinio impulso spektras ir femtosekundinio
prieSstiprintuvio impulso spektras (fs-NOPA; mastelis nevienodas) ¢) OPCPA
sistemos isvadinio impulso kontrasto matavimas didelio dinaminio diapazono
trecios eilés autokoreliatoriumi

dziais [94,128]. Impulsy kontrasto valymas plazmos veidrodziais yra sunkiai
realizuojamas praktiskai didesnio nei 10Hz pasikartojimo daznio sistemose, nes
metodas yra destruktyvus - po kiekvieno lazerio suvio reikia patraukti taiki-
nj, iS kurio generuojama plazma; be to, jis ineSa zenklius energijos nuostolius.
Musy sistemoje jokio papildomo impulso valymo nereikia, nes gera kontrasta
automatiskai lemia pati sistemos architektura. 2.32 pav. vaizduoja sistemoje
atsirandancio nekoherentinio pobudzio triuksmo - SSE - ir PSF - saltinius bei
sistemoje veikianc¢ius kontrasto gerinimo mechanizmus. Aptarsime juos prade-
dant nuo uzkrato generacijos proceso. Femtosekundiniame lazeryje yra regene-
racinis stiprintuvas, dél kurio lazerio impulsai turi prieSimpulsiy ir poimpulsiy,
be to, neabejotinai spinduliuojamas ir SSE fonas. Uzkrato generatorius kaupi-
namas lazerio antraja harmonika, kuri jau savaime gerina kaupinimo impulso
kontrasta, tac¢iau papildomai padeda tai, jog kontinuumas, kuriuo uzkreciamos
plataus spektro stiprinimo pakopos, generuojamas kaupinant 1.4pm skirtumine
banga. Dél to galima SSE bei PSF fonine spinduliuote blokuoti $laitiniu filtru
(OD>10* bangos ilgiams < 1100nm). Taigi, kontinuumo impulsas sugene-
ruojamas visiskai svarus. Femtosekundiniame priesstiprintuvyje neisvengiamai
generuojama PSF, taciau ji generuojama tik kaupinimo impulso metu - 400fs
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trukmeés intervale. Nors PSF nekoherentiné, nusklidusi per visg OPCPA siste-
ma - pléstuva, pikosekundinio kaupinimo pakopas, ir spaustuva - si spinduliuoté
yra vél suspaudziama j trukme, artimg pradinei 400fs trukmei. Tokiame trum-
pame laiko intervale PSF nedaro daug zalos (taikinys, paveiktas PSF, nespéja
pakeisti buvio iki ji pasiekiant pagrindiniam impulsui), be to, Siame laiko in-
tervale impulso kontrasta pagrinde lemia impulso spudos neidealumai ir/arba
spektro formos neatitikimas gausiniam spektrui. Be to, lyginant su Ti:safyro
osciliatoriais uzkre¢iamomis OPCPA sistemomis, net ir esant labai prastam
bendram grizminio pléstuvo ir AOPDF pralaidumui (= 1%), pikosekundines
pakopas pasiekianti uzkrato energija yra ganétinai didelé (>1pJ). Dél salygiskai
didelés uzkrato energijos, pikosekundinése stiprinimo pakopose galima naudoti
nedidelius kaupinimo intensyvumus (zr. 2.3 lentele), dél to sugeneruojama ma-
ziau pikosekundinés trukmeés PSF. Galiausiai, zinant, jog intensyvus paramet-
rinio stiprintuvo uzkratas slopina PSF generavima (kaip pademonstruota III
publikacijoje), pikosekundinése stiprinimo pakopose kaupinimo impulsy vélini-
mas signalo atzvilgiu kruopsciai parenkamas taip, kad kuo mazesné kaupinimo
impulso dalis galéty generuoti PSF pries signalo impulsa [129]. Dél Nd:YAG
stiprintuvy tendencijos formuoti impulsa su statesniu priekiniu frontu, sioje
sistemoje taip galima daryti praktiskai neprarandant signalinio impulso spekt-
riniy komponenciy, patenkanciy po kaupinimo impulso pradine dalimi. Jei
impulsas forma buty artimesné Gauso impulsui, stumiant kaupinimo vélinima,
link signalo impulso pabaigos, trumpabangés spektro komponentés prarasty
stiprinima. Kalbant apie impulsy kontrasta nanosekundiniuose laiko interva-
luose, OPCPA pranasumas, lyginant su Ti:safyro sistemomis, yra akivaizdus
- momentinis stiprinimo pobudis: nors kai kuriais praktiniais poziuriais pa-
rametriné superfluorescencija ir sustiprinta savaiminé emisija turi panasumuy,
svarbiausias jy skirtumas - PSF netiesiniame kristale generuojama tik kaupi-
nimo impulso metu, o SSE generuojama daug ilgesniame laiko intervale - nuo
kaupinimo impulso pradzios, per suzadinto lazerinio lygmens gyvavimo laika.
Kita klasé kontrasta bloginanciy veiksniy - antriniai atspindziai nuo op-
tiniy elementy lygiagreciais pavirsiais, dél kuriy atsiranda poimpulsiai. Nors
daugumai lazerio spinduliuotés saveikos su medziaga eksperimenty svarbus tik
priesimpulsiai, poimpulsiy taip pat reikia vengti, nes yra parodyta, jog, vei-
kiant Kero netiesiSkumui, ¢irpuotame impulse poimpulsiai generuoja priesim-

pulsius [130]. Poimpulsiy sistemoje iSvengiama keletu buduy:

e kur jmanoma, naudojant metalinius veidrodzius nepoliruotais galiniais
pavirsiais
¢ naudojant dielektrinius veidrodzius nepoliruotais galiniais pavirsiais

e naudojant pleistinius netiesinius kristalus, kuriy jneSama kampiné dis-
persija apytiksliai kompensuojama pleistiniais kvarco langeliais
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2.32 pav.: Impulsy nekoherentinj kontrasta lemiantys veiksniai OPCPA siste-
moje. Raudonas tekstas zymi nekoherentinio triukSmo Saltinius; bruksniuotos
rodyklés zZymi komponentus, kurie mazina triuksmy sSaltiniy jtaka. SSE: su-
stiprinta savaiminé emisija; PSF: parametriné superfluorescencija. AHG: ant-
ros harmonikos generatoriai; F: filtras, blokuojantis < 1100 nm spinduliuote
(OD>10%). Detalesni paaigkinimai tekste

e kompresoriaus FS dalj kombinuojant is pleistiniy langy pory

Svarbu pazymeéti, kad pleistinius netiesinius kristalus svarbu naudoti ir fs-
NOPA modulyje, nes dél mazo fs-NOPA kristaly storio (2mm) juy sukuriami
poimpulsiai uzvélinami tik 22ps nuo pagrindinio impulso, o tai reiskia, jog jie
neisvengiamai persikloja laike su didziaja dalimi isplésto 65ps trukmés signalo
impulso ir yra stiprinami pikosekundinio kaupinimo OPCPA pakopose. Kita
vertus, CEP stabilizavimo modulyje lygiagreciy pavirsiy kristalus naudoti gali-
ma, nes jo sukuriami poimpulsiai nepatenka j pléstuvo pralaidumo diapazona.

Siekiant dideliy intensyvumy, pluosto parametrai ne maziau svarbus nei
laikiniai parametrai, kuriy matavimo rezultatai pavaizduoti 2.33 pav. Matyti,
kad kaip ir kaupinimo pluostas, signalo pluostas pasizymi hipergausine for-
ma su keleto procenty masto moduliacijomis. Bangos frontui istaisyti buvo
naudojamas 100mm aperturos deformuojamas veidrodis (ILAO-STAR, Imagi-
ne Optic, Prancuzija). Matyti, kad deformuojamu veidrodziu iStaisius fronta,
pluostas tampa labai artimas difrakciskai ribotam - Strelio faktorius S = 0.89.
fokusuojant pluosta idealiu fokusavimo elementu, buty galima pasiekti inten-
syvuma, tik 11% mazesnj nei teorinis maksimumas. Verta pastebéti, kad abso-
liu¢iai svarbiausia pluosto aberacija, kompensuota deformuojamu veidrodziu,
buvo astigmatizmas, atsirades pleciant pluosta sferiniy veidrodziy teleskopu
iki 80 mm skersmens. Matuojant bangos fronta tiesiai uz paskutinés NOPCPA
pakopos, taip pat buvo gaunama Strelio faktoriaus verté S ~ 0.9. Taigi, nau-
dojant astigmatizma kompensuojancia teleskopo geometrija [131], buty galima
tikétis geros kokybés pluosta islaikyti ir be deformuojamo veidrodzio.
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2.33 pav.: OPCPA sistemos iSvadinio pluosto parametrai. a) pluosto profilis
artimajame lauke; b) bangos frontas; c) teoriskai apskai¢iuotas pluosto profilis
tolimajame lauke

2.3.3. OPCPA sistemos ilgalaikis stabilumas

Daugelyje eksperimenty, kuriuose tokia OPCPA sistema galéty buti naudoja-
ma, duomenys kaupiami atliekant ilgus matavimus. Dél to labai svarbu, kad
sistema galéty ilga laika dirbti nuostoviu rezimu nekeisdama iSvadiniy para-
metry. Pavyzdinis impulso energijos, impulso trukmés ir CEP stabilumo ma-
tavimas per 16 valandy pavaizduotas 2.34 pav. Kiekvieno impulso energija (a)
skiltis) buvo matuojama piroelektriniu matuokliu, pateikiamos pacios pama-
tuotos vertés (praretintos) ir dvieju sekundziy (taigi, 2000 impulsy) impulsy
energijy standartinis nuokrypis. Impulso trukmeé (b) skiltis) buvo matuojama
anks¢iau minétu SRSI matuokliu. Taip pat pavaizduota f — 2f interferograma
ir i8 jos apskaiciuotos CEP vertés. Interferograma buvo matuojama itin sparciu
spektrometru, kurio déka buvo galima surinkti duomenis is kiekvieno lazerio
suvio. Taigi, 2.34d) pateiktas CEP stabilumas - 212mrad - yra apskai¢iuotas
is visy impulsy (nevidurkinant). Verta pastebéti, kad dél didelés impulso ener-
gijos net ir diagnostiniame pluoste (= 4% atspindys nuo kvarcinio lango, kurio
viena pusé nebuvo dengta skaidrinancia danga) impulso energija sieké 1.5-2mJ.
Tai leido f — 2f matavimui reikalinga spektro plétima atlikti fokusuojant dalj
diagnostinio pluosto energijos (= 300 nJ) tiesiog i ora. Tokiu budu iSvengiama
rizikos, jog ilgo matavimo metu bus pazeista kontinuumo generacijos terpé, be
to, matavima atlikti yra daug lengviau, nes signalas yra keliomis eilémis stip-
resnis. Nors detaliai nagrinéta nebuvo, pleciant spektra ore buvo gaunamos
kiek geresnés CEP stabilumo vertés nei pleciant spektra, pvz., safyre. Galima
itarti, jog to priezastis - daug mazesné oro dispersija, kuri lemia, kad net jei dél
energijos pokycio gija susiformuos keliais mikrometrais arciau ar toliau zidinio,
sklidimo nuotolio jtaka matuojamai CEP vertei bus daug mazesné.

Dél dideliy sistemos matmeny (pagrindinis optinis stalas buvo 12 metry
ilgio), vien pasyvaus komponenty stabilumo nepakanka: norint pasiekti tokio
gero ilgalaikio sistemos veikimo, buvo taikomos kelios griztamojo rysio sistemos.
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2.34 pav.: OPCPA sistemos ilgalaikio stabilumo matavimas. a) Impulso ener-
gija E ir impulso energijos verc¢iy, uzfiksuoty per 2s, standartinis nuokrypis
o (E**); b) Impulso trukmé ir spektru ribota trukmé; ¢) f — 2f interferogra-
ma; d) iS f — 2f interferogramos apskaic¢iuotos CEP vertés

Jos stebéjo ir nuolat taisé Siuos sistemos parametrus:
o Stabilios CEP impulsy energija, paduodama j kontinuumo generatoriy
o Uzkrato pluosto padét] ir kryptj pries pléstuva,
¢ Vélinimy skirtuma tarp Yb:KGW lazerio ir Nd:YAG lazerio
e Sustiprinto signalo pluosto padétj ir kryptj
« CEP

Idomu tai, kad griztamojo rysio kilpomis nereikéjo valdyti nei Nd:YAG
lazerio pluosty energijy, nei signalo impulsy dispersijos.

Apibendrinant §j skyriu galima pasakyti, kad visi iStirti impulsy generavi-
mo ir valdymo metodai padéjo sukurti unikaliy parametry OPCPA sistema,
pasizymincia ne tik didele impulso energija ir publikavimo metu rekordine vi-
dutine galia, bet ir spektru ribotais impulsais, kitokios architekturos sistemoms
sunkiai pasiekiamu laikiniu kontrastu, ir iSskirtiniu visy parametry, jskaitant
CEP, stabilumu. Si OPCPA sistema neabejotinai sukels proverzj atosekundi-
niame moksle.
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3. Didelés energijos impulsy sa-
vispuda ir spektro plétra plony
ploksteliy serijoje

Siame skyriuje pristatomi rezultatai paskelbti publikacijoje VI.

3.1. Ivadas

3.1.1. Femtosekundinés Sviesos gijos

Sviesos gijy formavimasis intensyviems femtosekundiniams impulsams sklin-
dant skaidriose terpése yra vienas seniausiai zinomy [132] ir placiausiai tyri-
néjamy netiesinés optikos reiskiniy. Gijy formavimasis tyrinétas visy pagrin-
diniy buviy medziagose - praretintose, atmosferos slégio bei suslégtose dujo-
se [133,134], skysciuose [135-137], kietose terpése [104, 138, 139], naudojant
femtosekundinius kaupinimo saltinius, veikiancius daugelyje skirtingy spektro
ruozy. Gijos suformavima paprastai lydi Sviesos bangy paketo spektro ispliti-
mas [104], terpése su teigiama dispersija - impulso skilimas [140] arba (terpése
su neigiama dispersija) - impulso savispuda [141,142], X formos kuginiy banguy
formavimasis terpése su teigiama dispersija [143] arba O formos kuginiy bangy
formavimasis terpése su neigiama dispersija [144, 145]. Isskyrus keleta ne itin
reikSmingy iSimtiniy atveju [146, 147], tvarkingos strukturos $viesos gijos pa-
prastai formuojasi tada, kai kaupinimo impulso galia virsija kritine pluosto susi-
fokusavimo galia sklidimo terpéje P, nedaug - iki keleto karty. Energijai esant
zenkliai didesnei nei P,,., pasireiskia daugybinis impulso skilimas [140] ir/arba
pluosto subyréjimas i keleta giju [148]. Naudojant Sviesos gijose suformuotus
plataus spektro impulsus praktiniams taikymams, tokiems kaip spektroskopija
ar parametriniy stiprintuvy uzkrato formavimas, Sio rezimo visada ar beveik
visada stengiamasi iSvengti, nes daugybinés filamentacijos rezultatus tiksliai
prognozuoti buna sunku, be to, impulsai tampa nespudus, o pluostai - prastai
fokusuojami. Kalbant apie Sviesos gijy formavima kietose terpése naudojant
femtosekundinius (orientaciskai < 500fs), artimojo infraraudonojo diapazono
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(0.7 — 2 um) kaupinimo impulsus, butinybé isvengti daugiafilamentinio rezimo
is esmés reiskia, kad maksimali galima kaupinimo energija yra keleto nJ eilés.
Kadangi Sviesos gijos ir kontinuumo generacijos metu didzioji dalis energijos
lieka aplink kaupinimo bangos ilgj, o taikymams dazniausiai naudojamas su-
siformaves trumpabangis kontinuumo sparnas, kurio generavimo efektyvumas
paprastai nevirsija keliy procenty, tokiu budu kietose terpése generuojamuy pla-
taus spektro impulsy energijos paprastai nevirsija keleto ar keliolikos nJ.

3.1.2. Daugiakomponenciai kontinuumo generatoriai

Situacija kontinuumo generacijos srityje pasikeité, kai A. H. Kung ir kolegos
pasitlé ir eksperimentiskai pademonstravo drasia idéja: uzuot generavus kon-
tinuuma vientisoje keleto milimetry storio terpéje, naudojamos kelios plonos
(100pm) kvarco plokstelés, tarp kuriy paliekami keliy centimetry tarpai [149].
Tokiu budu kiekvienoje ploksteléje vyksta spektro plitimas, taciau, dél nedide-
lio terpés storio, pluostas nespéja suskilti j keleta gijy, nors kaupinimo impulsy
smailiné galia virsija P., ne keleta, o 1000 karty ar net daugiau. Galima teigti,
jog daugiakomponenc¢iame kontinuumo generatoriuje didzigja dalimi vyksta tie
patys ar giminingi procesai, kaip ir generuojant kontinuuma vientisoje terpéje:
vyksta pluosty fokusavimasis, impulsy fazés moduliavimasis, galinio impulso
fronto statéjimas [150]. Atsizvelgiant i didelj susidoméjima trumpy impulsy
saltiniais, veikianciais infraraudonajame diapazone, buvo atlikti kontinuumo
generacijos eksperimentai plonose plokstelése, kaupinamose parametrinio stip-
rintuvo generuojamais 1.3 — 1.7 um centrinio bangos ilgio impulsais. Verta
paminéti, kad netrukus po musy grupés darbo iSspausdinimo, kitos mokslinés
grupés iSbandé daugelio ploksteliy schema su kitais jvairiais kaupinimo Salti-
niais. Pavyzdziui, kaupinant ploksteliy serija 800 nm parametriniu stiprintuvu,
sugeneruoti < 4fs trukmeés impulsai [151]; kombinuojant Si ir YAG ploksteles,
generuotas kontinuumas kaupinant 3.5 pm impulsais [152]; be to, visai nese-
niai pademonstruota net 50 karty siekianti impulso spuda nuo 170fs Yb:KGW
lazerio impulsy spuda iki 3.5fs dvieju pakopuy kontinuumo generatoriuje [153].
Taigi, daugiakomponenciai kontinuumo generatoriai vis dar yra aktyvi tyrimy

sritis.

3.2. Eksperimento aprasymas

Kontinuumo generacijos plonose plokstelése eksperimento schema pavaizduota
3.1 paveiksle. Eksperimente buvo naudota Ti:safyro lazerineé sistema (Legend
Elite HE, Coherent) generavo ~ 9mJ, 50 fs impulsus, kuriais buvo kaupinamas
optinis parametrinis stiprintuvas (HE-TOPAS, Light Conversion). Didziojoje
dalyje eksperimenty buvo naudojama parametrinio stiprintuvo signaliné banga,
kuria pavyko padengti 1.16 um —1.6 pum sritj. Ilgesniy bangos ilgiy impulsai bu-
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3.1 pav.: Kontinuumo generacijos eksperimento schema

vo gauti naudojant parametrinio stiprintuvo Salutine banga. Svarbu pabrézti,
kad nors matavimai buvo atlikti naudojant Ti:safyro lazerine sistema, beveik
identisky bangos ilgiy ir trukmés impulsus galima paprastai bei labai efekty-
viai generuoti ir Yb jonais legiruotais lazeriais kaupinamuose parametriniuo-
se stiprintuvuose, naudojant KTA kristalus [154], taigi aprasomus rezultatus
galima tikétis sekmingai pritaikyti ir su Yb lazerinémis sistemomis. Didzioji
dalis eksperimenty buvo atlikti siekiant islaikyti panasia kaupinimo impulsy
energija - 350 1J, kuri buvo pasirinkta atsizvelgiant j tai, kad trumpiausio eks-
perimentuose naudoto bangos ilgio - 1.2 um - impulsai dar nepasiekty kritinés
fokusavimosi ore galios. Tolydy kaupinimo impulsy energijos derinimg reali-
zuoti pavyko ateniuatoriumi, sudarytu i§ 8 plony (200 um) FS ploksteliy. Dél
daugybiniy atspindziy tokia sistema pakankamai jautri pasukimo kampui. Sio
metodo teko imtis dél to, kad atspindinciy plonasluoksniy poliarizatoriy, tinka-
my dirbti visame reikalingame = 1.1 —1.8 um diapazone, neturé¢jome, o &~ 1 mJ,
60 fs trukmeés parametrinio stiprintuvo iséjimo impulsy intensyvumas buvo zen-
kliai per didelis naudoti Glano tipo poliarizatorius. Su musy ateniuatoriumi
bendras stiklo kiekis nevirsijo keliy milimetry, o F'S pasizymi salygiskai mazu
netiesiniu luzio rodikliu ir maza dispersija 1.1—1.8 pm srityje, todél galima teig-
ti, jog derinant impulsy energija, impulsy iskraipymai buvo minimalus. Tam,
kad derinant energija nesikeisty pluosto padétis, 8 plokstelés buvo sudétos i du
laikiklius, kuriuos sukant prieSpriesiais, nesunku pasiekti, jog pluosto padétis
nepasikeisty. Fokusavimo salygos buvo tokios: pluosto diametras (matuotas
peilio metodu) ant fokusuojancio veidrodzio - 8 mm; veidrodzio Zidinio nuo-
tolis - 1000 mm. Nors matuojant peilio metodu gaunama informacija ne apie
tikraji pluosto profilj, o tik apie diametra, galima jvertinti, jog kaupinimo spin-
duliuotés intensyvumas ant pirmosios plokstelés turéjo buiti 10TW /em ™2 eilés.

Kaupinimo impulsai buvo fokusuojami j ploksteles, pagamintas i$ lydyto
kvarco (FS) arba safyro. Buvo iSmégintos keleto storiu plokstelés: 100 pm,
200 pm, ir 500 pm. Esant nurodytoms fokusavimo salygoms, su 100 pm ploks-
telémis nepavyko pasiekti zenklaus spektro plitimo; tuo tarpu su 500 pm ploks-
telémis buvo labai sunku iSvengti pluosto suirimo j daugelj Sviesos giju. Todél
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visi toliau aprasomi eksperimentai buvo atlikti su 200 um storio plokstelémis.
Tarpus tarp ploksteliy tekdavo paderinti priklausomai nuo tiksliy kaupinimo
parametry, bet galima pasakyti, kad tipiskas atstumas buvo keletas centimetry.
Nors plokstelés buvo iSstatomos Briusterio kampu, esant mazai jéjimo energi-
jai, ploksteliy pralaidumas sieké 94%. 6% nuostoliy greic¢iausiai galima i$ dalies
paaiskinti ne visiskai tikslia kaupinimo impulsy poliarizacija, o i$ dalies tuo,
jog dél kolinearios parametrinio stiprintuvo konfiguracijos kartu su signaline
ar Salutine bangomis sklinda Siek tiek parazitinés spinduliuotés (parametrinio
stiprinimo kristaluose susigeneruojanciy harmoniky, suminiy dazniy, taip pat
likutinés kaupinimo spinduliuotés), kurios poliarizacija gali buti statmena pag-
rindinés pasirinktos iSé¢jimo bangos poliarizacijai. Didinant kaupinimo energija,
nuostoliy, kuriuos buty galima aiskiai priskirti netiesiniams efektams, nepavy-
ko uzfiksuoti iki tol, kol spektro plitimas jsisotindavo. Pasiekus spektro plitimo
isisotinima ir pilnai susiformavus trumpabangei kontinuumo spektro daliai, ke-
liant kaupinimo energija buvo galima uZfiksuoti iki 5% netiesiniy nuostoliy,
iki pasizeidziant kuriai nors i§ ploksteliy (daZniausiai pirmajai). Tiesa, dar
pries jvykstant pazeidimui, kontinuumas suirdavo j sudétinga struktura, kuri
greiciausiai buty menkai tinkama bet kokiems taikymams, ir dél to toliau nag-
rinéta nebuvo. Paveiksle 3.2 parodyta, kaip kontinuumo spektrai (pamatuoti
ant pluosto aSies tolimajame lauke) kinta didéjant ploksteliy skai¢iui, kaupi-
nant skirtingy bangos ilgiy impulsais. Sulig kiekvienos plokstelés pridéjimu,
spektrai laipsniskai plinta dél impulsiniy pluosty saviveikos reiskiniy. Kiek-
vienos plokstelés padétis buvo parenkama stengiantis surasti taska, kuriame
spektro plitimas maksimalus, ta¢iau dar iSvengiama ploksteliy pazeidimo bei
pluosto suskilimo j daugelj gijy ar daugybinio impulso skilimo, kurj buvo ne-
sunku pastebéti stebint impulso spektre atsirandancia periodiska ar chaotiska
moduliacija. Su visais kaupinimo bangos ilgiais matoma tokia pati tenden-
cija: pirmose keliose plokstelése spektro plitimas vyksta laipsniskai ir beveik
simetriskai; ketvirtoje ar penktoje ploksteléje staigiai atsiranda daug labiau
i trumpabange puse iSplitusi spektro dalis, pasizyminti i esmés nekintanciu
spektro intensyvumu plac¢iame spektro ruoze; paskutinése plokstelése spektras
plinta maziau, tik susiformuoja maksimumas trumpabangés dalies trumpaban-
giame kraste. Tokia dinamika i$ esmeés sutampa su [150] pateikiamais mode-
liavimo rezultatais, i$ kuriy matyti, jog pirmosiose plokstelése dominuojantys
saviveikos mechanizmai yra fazés moduliavimasis ir erdvélaikinis fokusavimasis.
Tuo tarpu ketvirtoje ar penktoje ploksteléje jvykstantis staigus spektro pliti-
mas susijes su impulsy galinio fronto statéjimo reiskiniu ir smuginés bangos
susiformavimu [155,156]. Kaip matysime véliau, Sia interpretacija patvirtins ir
impulsy matavimai. Praéjus impulso galinio fronto statéjimo etapui, tolimes-
nis ploksteliy skaic¢iaus didinimas turi akivaizdziai maziau reikSmeés. Dedant
daugiau nei 7 ploksteles, spektras toliau nebeplinta (grafike neparodyta). Api-
bendrinant galima pasakyti, kad su visais kaupinimo bangos ilgiais pasiekiama
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mazdaug tokia pati galutinio spektro forma. Plati beveik nekintancio spektrinio
intensyvumo sritis, uzsibaigianti placia smaile regimojoje srityje, atrodo labai
panasiai kaip kontinuumuose, generuojamuose tolydziuose safyro bandiniuose
su panasaus bangos ilgio kaupinimo impulsais [103,157]. Nors galbut buty jdo-
mu patyrinéti Sios smailés bangos ilgio priklausomybe nuo kaupinimo bangos
ilgio (yra modeliy, kurie Sios smailés bangos ilgj grieztai suriSa su kaupinimo
bangos ilgiu, medziagos dispersija ir fokusavimo salygomis, pvz. [158,159]), rei-
kia pastebéti, kad Sis bangos ilgis eksperimente stipriai priklausé nuo atstumuy
tarp paskutiniyjy ploksteliy, kurj parenkant buvo galima derinti sia smaile maz-
daug 650—800 nm srityje su visais kaupinimo bangos ilgiais. Tikétina, kad tokio
jautrumo mechanizmas panasus i apraSytaji [159]. Dél riboto turimu plokste-
liy skaic¢iaus, visuose eksperimentuose teko naudoti ir FS, ir safyro ploksteles.
Taciau verta pastebéti, kad skirtumo tarp UVFS ir safyro ploksteliy pastebéta
praktiskai nebuvo: pavyzdziui, sukeitus ploksteliy serijoje F'S plokstele vieto-
mis su safyro plokstele, matuojamas spektras praktiskai nepasikeisdavo. Tai
pernelyg nestebina, nes Siy medziagy tiesiniai ir netiesiniai luzio rodikliai bei

ju dispersijos nagrinéjamame bangos ilgiu diapazone labai panasus [160,161].

3.3. Plonose plokstelése generuojamo kontinu-

umo charakteristikos

3.3.1. Dazniniai - kampiniai spektrai

Placiai zinoma, kad kontinuumo generacijos metu impulsai patiria sudétingas
erdvines ir laikines transformacijas, dél kuriy spektro pasiskirstymas skirtingo-
se pluoSto vietose nebuina homogeniskas [134,162]. Jei impulso spektras erdve-
je nehomogeniskas, paprastas iSsklaidytos Sviesos spektro matavimas nesutei-
kia pilnos informacijos, todél kontinuumas charakterizuotas matuojant erdvinj
spektra su daznine skyra. Eksperimente tai buvo atlikta skenuojant sviesolaidj,
kurio Serdies diametras 400 um, sferinio veidrodzio, kurio zidinio nuotolis buvo
f = 250 mm, zidinio plokstumoje. Sferinis veidrodis buvo pastatytas ~ 40 cm
nuo paskutinés plokstelés, o pluosto diametras zidinyje buvo mazdaug 4 mm.
Matavimai buvo atliekami du kartus - pirma karta $viesolaidziu sviesa buvo
pasiunc¢iama j regimojo-artimojo IR diapazono spektrometra su Si detektoriumi
(Avantes AvaSpec-3648), antra karta - i NIR spektrometra su InGaAs detekto-
riumi (Avantes AvaSpec-NIR-256). Sujungus duomenis i$ Siy dviejy matavimy
i viena, buvo gaunamas pilnas kontinuumo erdvinis-dazninis spektras 300 nm-
2500 nm srityje. Kontinuumo erdviniai-dazniniai spektrai, uzfiksuoti esant pen-
kiems skirtingiems kaupinimo bangos ilgiams, pavaizduoti 3.3a)-e) pav. Verta
atkreipti démesj j keleta esminiy désningumy. Pirma, didziausia pluosto skéstis
ir ryskiausios ziedinés strukturos visais atvejais matyti ties kaupinimo bangos
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3.2 pav.: Kontinuumo spektrai, kai kaupinimas: a) 1200nm, 320 wJ; b)
1300 nm, 350 wJ; ¢) 1400 nm, 350 uJ; d) 1500 nm, 350 nJ; e) 1700 nm, 350 wJ.
Vertikalios istisinés linijos rodo kaupinimo bangos ilgj. Skirtingomis spalvomis
pazymeéti spektrai, gauti su skirtingu ploksteliy skaic¢iumi
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ilgiu, kaip aprasyta ir [13]. Antra, artéjant prie atkirtimo bangos ilgio trumpa-
bangéje spektro puséje, skéstis irgi didéja, o ties paciais trumpiausiais bangos
ilgiais yra pasiekiama ir tokia situacija, kai kontinuumo spinduliuoté eina tik
ziedu, o ant aSies intensyvumas artéja i nulj (pvz., spektruose c) ir d), ties
~ 700nm). Tokios strukturos yra gerai zinomos i mokslo apie kontinuumo
generacija vientisose terpése. Nors kampai ir bangos ilgiai skiriasi, bendru
pobudziu si erdviné-laikiné struktura artima formoms, gaunamoms modeliuo-
jant kontinuumo generacija efektyvaus trijy bangy maiSymosi ar interferencijos
modeliais, skirtais aprasyti kontinuumo generacija kietose terpése [17,18]. Ga-
liausiai, asiné skirstinio dalis talpina didziaja dalj visos energijos. Pavyzdziui,
apribojant intervalg iki &=3mrad, j skirstinj patenka 65 & 7% visos energijos.
Jei réziai praplediami iki +4 mrad, | juos telpa 80 + 5% visos energijos. Taigi,
atliekant erdvinj filtravima Furjé plokstumoje, buty galima plokstelése suge-
neruota kontinuuma isfiltruoti iki artimo Gauso pluostui, vienmodzio erdvinio
skirstinio, su ne itin dideliais nuostoliais. Soninése panelése 3.3a)-e) dalyse
pateikiami kontinuumo erdviniy-dazniniy spektry integralai pagal bangos ilgj,
t.y., pluosto skirstiniai. Palyginimui taip pat pavaizduoti analogisku budu toje
pacioje vietoje uzfiksuoti kaupinimo skirstiniai iSémus ploksteles. Matyti, kad
kontinuumo generacija pluosta uzglotnina, ir priartina prie Gauso pluosto pro-
filio, kaip ir generuojant kontinuuma vientisose kietose terpése [3]. 3.le) pav.
pavaizduotas absoliutinis kontinuumo asinés dalies spektrinis energijos tankis,
kuris buvo jvertintas prilyginant viso kampinio spektro integrala matuojamai
impulso energijai ir paimant jos dalj, atitinkanc¢ia £3 mrad kampy diapazo-
ng. Matomosios spektro dalies tankis visais atvejais virsija 10nJ/nm, o tai yra
2-3 eilémis daugiau negu energijos tankis, gaunamas kontinuuma generuojant
kietose terpése [103]. Pagal §j ivertinima, matomosios spektro dalies energija
turéty buti keleto wpJ eilés. ISskleidus kontinuumo spektra prizme, uzblokavus
nematomaja spinduliuotés dalj ir pamatavus energija, kaip tik tokios energijos
ir buvo uzfiksuotos. Taip pat reikia pazymeéti, jog atskiros spektro komponen-
tés aplink 500 nm, matomos 3.3c) ir d), néra kontinuumo dalis. Si spinduliuoté
atsiranda dél parazitiniy procesy parametriniame stiprintuve, o ne kontinuumo

generatoriuje.

3.3.2. Kontinuumo impulsy charakterizavimas

Kontinuumo impulsai buvo charakterizuoti SFG-XFROG metodu [69]. Cha-
rakterizuojant kontinuumo impulsus artimojoje IR srityje, SFG-XFROG me-
todas turi nemazai privalumy: visy pirma, signalas perkeliamas j matomayjj
diapazona, kur gerai veikia didelio dinaminio diapazono spektrometrai; antra,
generuojant suminj daznj zenkliai sumazéja impulsy frakcijinis spektrinis plo-
tis (angl. fractional bandwidth), dél ko taip pat sumazéja su detekcija susijusiy
problemy; galiausiai, kontinuumo impulsai daznai buina gan sudétingi, o tin-
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3.3 pav.: a)-e) Kontinuumo, sugeneruoto plonu ploksteliy serijoje, kampiniai-
dazniniai spektrai, esant skirtingiems kaupinimo bangos ilgiams; f) spektrinis
kontinuumo energijos tankis, gautas suintegravus a)-e) skirstinius +3mrad in-
tervale. Soninése aSyse pavaizduoti kampiniy-dazniniy skirstiniy integralai,
atitinkantys pluosto tolimojo lauko skirstinj.
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kamai parinkus zonduojantj impulsa (paprastos formos), XFROG matavimas
iSsyk suteikia nemazai duomeny apie impulso forma. Sinchronizuotas XFROG
zonduojantis impulsas buvo gautas jdedant j kontinuumo kaupinimo pluosto ke-
lia plona, mazo kampo (1 deg) lydyto kvarco pleista. Priklausomai nuo naudoto
kaupinimo bangos ilgio, kontinuumo impulsams zonduoti buvo naudojamas ar-
ba pats nuo pleisto atspindétas pluostas, arba jo antroji harmonika. Pasirinki-
ma diktavo noras islaikyti SFG signala matomajame diapazone. Zonduojantis
impulsas buvo charakterizuotas SHG-FROG metodu. Zonduojanc¢iy impulsy
trukmes sieké 50-60fs. XFROG matavimas buvo atliekamas 10 pm storio BBO
kristale. Matuojama buvo tik asiné kontinuumo dalis. Tipiski kontinuumo
XFROG matavimai, uzfiksuoti su 1300 nm, 1500 nm ir 1700 nm bangos ilgiy
kaupinimo impulsais, pavaizduoti 3.4 pav. Visais atvejais FROG atkurimo pa-
klaida buvo mazesné nei 0.6%. XFROG matavimai patvirtina, kad kontinuumo
spektrai iSties glotnus. Spektrinés fazés taip pat glotnios, isskyrus linkius, ma-
tomus aplink kaupinimo bangos ilgius. IS esmés tokia pati situacija gaunama
ir generuojant kontinuuma vientisoje terpéje [103]. Analizuojant kontinuumo
impulsus, butina atsizvelgti i tai, kad nuo kontinuumo generatoriaus iki ma-
tavimo schemos impulsai neiSvengiamai turéjo sklisti per ora. Eksperimente
Sis atstumas buvo mazdaug 2.2m. Zenkliai trumpesnio §io atstumo padaryti
galimybiy néra daug, nes pries matavima su kontinuumo impulsu reikia atlikti
nemazai operacijy: sumazinti energija, atspindint nuo pleisto (pleistas nega-
li stovéti labai arti paskutinés plokstelés, nes neisdifragavusiame kontinuumo
pluoste jstacius stora pleiSta jis buty paZeistas, kitaip nei plonos plokstelés);
sukolimuoti sferiniu veidrodziu; sufokusuoti j SFG kristala. Per ora surenka-
ma dispersija tokio plataus spektro impulsus veikia reikSmingai, todél siekiant
issiaiskinti, koks impulsas buvo tik iS¢jes iS paskutinés plokstelés, i§ XFROG
atkurtos spektro fazés buvo atimta oro dispersija, apskaic¢iuota pagal formule
i [163]. 3.4d-f parodytos impulsy spektrogramos, apskaic¢iuotos pagal nekore-
guotus XFROG matavimy rezultatus; 3.4g-1 pav. pavaizduotos spektrogramos,
apskaiciuotos atémus oro dispersija. Nekoreguoti ir koreguoti impulsy profiliai
palyginti 3.4j-1 pav. Matyti, kad visais atvejais kontinuumo impulsai yra skile
i du, tik 1300nm kaupinimo atveju Sis skilimas dar nejvykes iki galo. Ryski
tendencija, kad kontinuumo spektrinés komponenteés, kuriy dazniai didesni ne-
gu kaupinimo, susikoncentravusios galiniame subimpulse, o Zemesniy dazniy
komponentés - priesakiniame subimpulse. Abu subimpulsai yra zymiai trum-
pesni negu pradinis kaupinimo impulsas (= 60fs). Atsizvelgus j oro dispersija,
gaunamos priekiniy subimpulsy trukmeés siekia 15 fs, o galiniy - tik 5—6 fs. Prie-
kiniy impulsy galiniai frontai yra ryskiai statesni uz priekinius - tai patvirtinta
impulsy statéjimo svarba kontinuumo generacijos procese. Darant prielaida,
jog daugiakomponentis kontinuumo generatorius buty patalpintas j vakuuma,
ir turétume idealizuota bedispersinj su teisingu atskyrimo bangos ilgiu dichroi-
nj veidrodj, kontinuuma buty galima padalinti j du pluostus, kurie abu nesty
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3.4 pav.: Kontinuumo impulsy charakterizavimo rezultatai. a-c: XFROG at-
kurti spektrai ir spektro fazés bei spektry palyginimas su spektrais, gaunamais
is dazninio-kampinio spektro; d-f: impulsy spektrogramos; g-i: spektrogramos,
apskaicCiuotos i§ impulsy spektrinés fazés atémus oro dispersija; j-1: XFROG
atkurti impulsy profiliai ir profiliai, gauti atémus oro dispersija
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beveik spektru ribotus, keleto cikly impulsus. Siuo idealizuotu atveju gauna-
mos impulsy trukmeés ir energijos dalys pateiktos lenteléje. Lentelé padalinta j
dvi dalis: vienoje dalyje surasyti priekinio impulso parametrai, antroje - gali-
nio impulso. Abiem atvejais, apskaiCiuoti tokie parametrai: priekinio ir galinio
impulso centrinis bangos ilgis Az ir Ag, impulsy trukmeés po spektrinio padali-
jimo 7, ir 7, impulso trukmeé, kuria buty galima pasiekti kompensuojant tik
kvadratine spektrine faze 7gr ir Tgr, ir spektru ribotos impulsy trukmés 774
ir 7r4. Impulsy trukmeés isSreikstos femtosekundémis ir optiniais ciklais (OC).
Taip pat apskaiciuoti Strelio santykiai (realaus impulso smailinés galios san-
tykis su idealiai suspausto impulso smailine galia) S, Sr, Spg ir Srg.Taip
pat nurodyta, ties kokiu dazniu vy dichroinis veidrodis turéty persijungti is
atspindzio i pralaiduma (ar atvirkséiai), bei impulso energijos dalys Wy, ir Wy,
tenkancios atitinkamai priekiniam ir galiniam impulsams. Impulsy energijos
dalys apskaic¢iuotos dar neatsizvelgus j tai, kad impulsai matuoti tik centrinéje,
homogenisko spektro pluosto dalyje, kuriai tenka ~ 65% viso impulso energijos.

Nors spektriné fazé, matoma 3.4a-c néra stipriai moduliuota, visgi nepana-
su, kad ja buty galima kompensuoti paprastais optiniais komponentais visam
spektrui. Kita vertus, paémus subimpulsus atskirai, ju abiejy cirpai atrodo
artimi tiesiniams. Skai¢iavimai, pateikti lenteléje, patvirtina, jog galinis su-
bimpulsas galéty buti suspaustas iki trukmeés, nedaug virSijanc¢ios viena optinj
cikla, kompensavus tik tiesinj ¢irpa. Nors anksc¢iau minéta idealizuota be-
dispersinj dichroinj veidrodj pagaminti nejmanoma, ¢irpuoti veidrodziai, kuriy
spektro juostos ir dispersijos galéty uztekti galiniam poimpulsiui suspausti, yra
pademonstruoti ir yra prieinami komerciskai.

Ziurint bendrai, pagrindiniai impulsy bruozai - dviejy subimpulsy struk-
tura, sudaryta is neigiamai ¢irpuoto, siauresnio spektro priekinio subimpulso
ir teigiamai ¢irpuoto galinio subimpulsa, kuriame sutelkta didzioji spektrinés
juostos dalis - visuose XFROG matavimuose atsikartoja labai panasiai. Dél
tvarkingos spektro fazés toks kontinuumas galéty buti sékmingai naudojamas
ten, kur reikia impulsus suspausti, pvz., kaip uzkratas parametriniams stiprin-
tuvams. Kai kuriais atvejais poimpulsiai galéty buti naudingi ir patys savaime,
ypac jei pavykty uztikrinti, kad impulsai neisplisty laike sklisdami iki bandinio
arba radus galimybe jy isplitima kompensuoti.

3.4. Plonose plokstelése generuojamo kontinuu-
mo stabilumas ir atsparumas generavimo salyguy

pasikeitimams

Kaip matyti iS ankstesniame skyrelyje aprasyty matavimy, keliose plokstele-
se generuojamo kontinuumo spektrinis energijos tankis yra palyginus didelis,
taciau jei norima tokj kontinuuma naudoti eksperimente, labai svarbu zinoti,
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3.1 lentelé: Kontinuumo subimpulsy spudumas

Kaupinimo bangos ilgis 1300 nm 1500 nm 1700 nm
Daznis, ties kuriuo atskiriami
ilgabangis ir trumpabangis 0.22 0.22 0.19
subimpulsai vy, PHz
Tlgabangio subimpulso centrinis

o 1484 1700 1793

bangos ilgis Ay, nm
Energijos dalis ilgabangiame

. 52.2% 71.8% 74.5%
subimpulse W7,
Ilgabangio subimpulso
trukmeé 7z, fs (opt. ciklai) 23 (4.6) 14(25) | 29.3 (49)
Tlgabangio subimpulso laikinis
Strelio faktorius Sy, 0.93 0.94 0.63
Tlgabangio subimpulso trukmeé
kompensavus tiesinj ¢irpa 21.7 (4.4) | 13.9 (2.5) | 21.9 (3.6)
TLQ, fs (opt. ciklai)
Tlgabangio subimpulso laikinis
Strelio faktorius, kompensavus 0.99 0.95 0.87
tiesinj ¢irpa Sro
Tlgabangio subimpulso spektru
ribota trukmeé Ay, fs (opt. ciklai) 21.7 (44) | 13.6 (24) | 199 (3.3)
Trumpa'ba.nglo subimpulso centrinis 1088 975 1144
bangos ilgis Ay, nm
Ene.rgljos dalis trumpabangiame A7.8% 98.27% 95.5%
subimpulse Wp
Trumpabangio subimpulso
trukmé 77, f5 (opt. ciklai) 11.7 (3.2) | 4.9 (1.5) | 11.0 (2.9)
Trumpabangio subimpulso
laikinis Strelio faktorius Sy 0.43 0.71 0-3
Trumpabangio subimpulso trukmé
kompensavus tiesinj ¢irpa 5.3 (1.4) | 4.2 (1.3) | 3.3(0.9)
TrQ, Is (opt. ciklai)
Trumpabangio subimpulso laikinis
Strelio faktorius, kompensavus 0.95 0.91 0.96
tiesinj ¢irpa Stq
Trumpabangio subimpulso spektru 5.1 (1.4) 41 (1.3) 3.3 (0.9)

ribota trukmeé Ary, fs (opt. ciklai)
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ar kontinuumas stabilus, ir kiek jautriai kontinuumo savybés reaguoja j kau-
pinimo parametry pokycius. Be to, kadangi viena i$ galimy sio kontinuumo
taikymo sri¢iy - uzkrato generavimas OPCPA sistemoms, taip pat aktualu, ar
generavimo procesas iSlaiko stabilia CEP. Tolimesniuose skyreliuose aprasomi
matavimai skirti atsakyti butent j Siuos klausimus. Jei nenurodyta kitaip, ma-
tavimy salygos buvo tokios: kaupinimo bangos ilgis A, = 1.4 um; kaupinimo
energija I, = 350 uJ. PrieS pradedant matavimus, atstumai tarp ploksteliy
d;—; ir atstumas nuo kaupinimo pluosto zidinio iki pirmosios plokstelés do_;
buvo parinkti taip, kad buty gaunamas kiek jmanoma stabilus kontinuumas,
isplites iki 600nm. Sie atstumai pateikti 3.2 lenteléje.

3.2 lentelé: Apytiksliai atstumai tarp ploksteliy

do—1 dy—2 da_3 d3_4 ds_s ds—g de—7

S5mm | 35mm | 30mm | 35mm | 35mm | 35mm | 45mm

Atsparumas kaupinimo energijos pokyciui

Kontinuumo jautrumas kaupinimo energijos pokycéiams buvo tikrintas re-
gistruojant spektrus esant skirtingoms energijoms, kurios buvo parenkamos
derinant ateniuatoriy. Spektro kitimas, kai kaupinimo energija derinama
150 uJ — 500 wJ diapazone, pavaizduotas 3.5 pav. Kontinuumo generacija ne-
vyko, kaupinimo energijai esant mazesnei nei 300 wJ, o kai kaupinimo energija
virsijo 390 wJ, ryskédavo spektro trumpabangio sparno moduliacija, kuri pa-
prastai buna susijusi su impulso skilimu. Visgi iki 500 nJ kaupinimo energijos
nebuvo pastebéta ploksteliy optinio pazeidimo. Matyti, kad naudingas energijy
diapazonas - mazdaug nuo 300 pJ iki 390 nJ, kai generuojamas gan tolydus kon-
tinuumo spektras. Bendra isvada - kontinuumo generacijos procesas toleruoja
daug didesnes energijos variacijas (=~ +15%), negu galima tikeétis i§ kokybisky
Siuolaikiniy lazeriniy sistemy.

Jautrumas zidinio padéciai

Siai eksperimento daliai visa ploksteliy sistema buvo sumontuota ant pagrin-
dinés plokstés taip, kad visas ploksteles kartu buty patogu pastumti pluosto
sklidimo kryptimi aréiau ar toliau nuo kaupinimo pluosto zidinio. Nustatyta,
kad plokste pastumus iki +15cm nuo pradinés padéties, kontinuumo iséjimo
spektras reikSmingai nepasikeisdavo. Darant prielaida, kad kaupinimo pluos-
tas artimas Gauso pluostui, eksperimente naudotomis fokusavimo salygomis
Reléjaus ilgis zr turéjo buti ~ 7cm. Tokiu atveju, priimtinas plokstés pasi-
linkimo atstumas atitiko mazdaug 2 Reléjaus ilgius, dél ko intensyvumas ant
pirmosios plokstelés pasikeité ~ 5 kartus. Idomu palyginti sj rezultata su anks-
tesnio skyrelio rezultatu: siekiant uztikrinti, kad kontinuumo spektras zenkliai
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3.5 pav.: Kontinuumo spektro kitimas derinant kaupinimo energija.

nepasikeisty, kaupinimo energija turi buti fiksuota daug tiksliau, negu kaupi-

nimo intensyvumas.

Trumpalaikis energijos stabilumas

Trumpalaikis impulso energijos stabilumas yra vienas esminiy parametry dau-
geliui galimy kontinuumo spinduliuotés taikymy. Atsizvelgiant j tai, jog kon-
tinuumo generacijos metu spektro komponentés formuojasi skirtingais etapais,
galima tikeétis, jog skirtingy spektro komponenciy stabilumas gali buti labai
nevienodas, net jei visa impulso energija suvis nuo Suvio ir visai nesikeisty.
Todél buvo nuspresta energijos stabiluma charakterizuoti matuojant atskiry
spektro intervaly stabiluma. Matavimy rezultatai pavaizduoti 3.6 pav. Spekt-
ro ruozai buvo atskirti naudojant siaurajuosciy (10 nm FWHM) interferenciniy
filtry rinkinj. Ties kiekvienu bangos ilgiu impulsy energijos stabilumas buvo
matuojamas fotodiodais: bangos ilgiams < 1 wm naudotas Si fotodiodas, ilges-
niems - InGaAs fotodiodas (jautrus iki 1.7 pm). Matyti, kad visame spektre
energijos triukSmas nevirsija 1.5%. Gali buti, jog prastesnés stabilumo vertés
ties 1000 nm gaunamos ir dél to, kad Sioje srityje spektro minimumas sutam-
pa su abiejy naudoty diody prasto jautrio sritimi, dél ko padidéja detekcijos
triuksmo jtaka. Idomu pastebéti tai, kad ties kai kuriais bangos ilgiais energijos
triukdmas Zenkliai mazesnis negu kaupinimo. Sis efektas susijes su slenkstiniu
kontinuumo generacijos proceso pobudziu ir daznai pastebimas ir generuojant
kontinuuma vientisose kietose terpése [103,164].

Jautrumas ploksteliy isdéstymui

Musy schemoje kontinuumo generatoriy sudaro 7 plokstelés. Ploksteliy isdés-
tymui nusakyti reikalingi bent 7 laisvieji parametrai, pavyzdziui, pirmosios
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3.6 pav.: 1400nm impulsais kaupinamo kontinuumo trumpalaikio energijos
stabilumo priklausomybé nuo bangos ilgio. Geltona istisine linija pavaizduotas
kaupinimo energijos stabilumas. Dél aiskumo parodytas ir kontinuumo spekt-
ras

plokstelés padétis kaupinimo pluosto zidinio atzvilgiu, ir Sesi tarpai tarp ploks-
teliy, taigi, parametry erdvé septynmaté. Jei kontinuumo generacijos procesas
buty itin jautrus visiems Siems parametrams, galéty buty labai sudétinga ji
optimizuoti. Siekiant suprasti §} jautruma, buvo atliktas toks eksperimentas:
startuojant nuo ploksteliy konfiguracijos, kurioje generuojamas stabilus konti-
nuumas, buvo judinama po vieng plokstele. Nustatyta, kad galutinio kontinu-
umo spektro forma buvo labai jautri vienos arba dviejy is 4, 5 arba 6 ploksteliy
padédiai, ta¢iau daug maziau jautri visy kity ploksteliy padetims. Sig ten-
dencija galima paaiskinti taip: kaip minéta aptariant 3.2 pav., didzioji dalis
spektro plitimo jvyksta butent vienoje arba dviejose plokstelése, kuriose vyks-
ta impulso galinio fronto statéjimas. Butent siy ploksteliy padétis pakeitus
daugiau nei 1 mm, galutinio spektro forma drastiskai pasikeisdavo. Visas kitas
ploksteles buvo galima paslinkti po mazdaug 1 cm, ir spektro forma pastebimai
nepasikeisdavo. ISvis menka jtaka pasirodé turinti pirmoji plokstelé, kurios
poslinkis net iki 2-4cm beveik neturédavo jtakos kontinuumo spektro formai.
Tai pastebéjus, eksperimentas buvo pakartotas su keliais skirtingais kaupinimo
bangos ilgiais. Kaupinimo bangos ilgiui esant 1.3 pm, galima pirmosios plokste-
lés padéties intervalg ribojo optinis plokstelés pazeidimas. Tuo tarpu kaupinant
1.75 um spinduliuote, optinis pazeidimas nejvykdavo, ir kontinuumo spektras
beveik nesikeisdavo pirmaja plokstele perkeliant net 10 cm intervale, net kai
kaupinimo energija sieké 800 wJ. Gali susidaryti jspudis, kad pirmoji plokstelé
kontinuumo generacijai nereikSminga, taciau taip tikrai néra: visais atvejais
kurig nors i$ pirmyjy ploksteliy patraukus i$ pluosto, kontinuumo generacija
nutrukdavo.
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Taigi, daugiakomponencio kontinuumo generatoriaus jautrumsg ploksteliy
isSdéstymo pokyciams galima apibendrinti taip: pirmuyjy ploksteliy, kuriose
vyksta laipsniskas, simetriskas spektro platéjimas ir erdvélaikinis impulso per-
siformavimas, padéciy labai kruopsciai optimizuoti grei¢iausiai neverta - ju
padétys néra kritiskai svarbios galutiniam rezultatui. Visa démesj deréty skirti
tai plokstelei ar ploksteléms, kuriose vyksta galinio impulso fronto statéjimas,
kuris, musy eksperimento salygomis, pasireiskia staigiu ir asimetrisku spektro
plitimu.

CEP stabilumas

Jau yra pademonstruota, kad plonose plokstelése sugeneruotas kontinuumas
gali buti naudingas kaupinimo Saltinis aukstyju harmoniky generacijai [165].
Siam ir kitiems taikymams stipraus lauko fizikos eksperimentuose yra svarbu,
kad kontinuumo generacija nejnesty didelio CEP triuksmo. Siekiant jvertinti
plonose plokstelése generuojamo kontinuumo CEP stabiluma, buvo naudojama
parametrinio stiprintuvo 1.75 um Salutiné banga , kuri yra pasyviai stabilizuo-
ta. Kaip ir kituose skyreliuose aprasytuose eksperimentuose, CEP stabilumui
matuoti buvo naudotas f—2f interferometrijos metodas [59]. Matavimas atlik-
tas dviem f—2f interferometrais vienu metu: viename kontinuumas generuotas
plonose ploksteleése, kitame (i kurj nukreiptas ankséiau eksperimente kaip XF-
ROG zondas naudotas atspindys nuo nedengto FS langelio) - vientisame FS
langelyje. Siy dviejy vienalaikiy f — 2f matavimy rezultatai pateikti 3.7 pav.
Paveikslo a ir b dalyse pateiktose f — 2f interferogramose kiekvienas spektras
buvo pamatuotas i$ vieno lazerio suvio, t.y., nevidurkinant. Spektrai buvo fik-
suojami mazdaug 55 Hz dazniu. 3.7c pavaizduotos CEP vertés, apskaic¢iuotos
is interferogramy. Matyt, kad CEP verté svyruoja gan dideliame intervale.
Tai néra netikéta - nesiimant specialiy priemoniy ir netaikant léto griztamojo
rysio, pasyviai stabilizuota Salutinés bangos CEP yra jautri daugeliui aplin-
kos trikdziy; parametrinis stiprintuvas nebuvo specialiai derintas geriausiam
CEP stabilumui, o ir aplinkos salygos laboratorijoje nebuvo tinkamos matuo-
ti geroms CEP stabilumo vertéms. Visgi galima pastebéti, jog didziaja CEP
triukSmo dalj sudaro létas dreifas, kurio didzigja dalj kompensuoti griztamuoju
rysiu buty nesunku. Visgi svarbiausias rezultatas ¢ia yra tai, kad CEP vertés,
matuojamos plony ploksteliy kontinuumo generatoriuje ir vientisoje terpéje su-
tampa labai gerai. Tai parodo, kad kontinuumo generacija plonose plokstelése
nejnesa zenkliai daugiau CEP triuksmo nei kontinuumo generacija jprastais
metodais. 2 skyriuje aprasyti rezultatai aiskiai parodo, jog kontinuumo gene-
racija kietoje terpéje yra tinkama priemoné generuoti plataus spektro impulsus
su geru CEP stabilumu. Kontinuumo generacija plonose plokstelése pasizymi
net Siek tiek mazesniu CEP triukSmu: 3.7d matyti, kad aukstesniuose daz-
niuose plony ploksteliy kontinuumo triuksmo galios tankio linija kiek Zemesné
nei vientisos terpés kontinuumo. Apibendrinant, kai kuriuose taikymuose vi-
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3.7 pav.: Kontinuumo, sugeneruoti vientisoje terpéje (FS) ir ploksteliy ma-
syve CEP stabilumo palyginimas. a, b) kontinuumo, generuoto atitinkamai
vientisoje terpéje ir ploksteliy serijoje, f — 2f interferogramos; ¢) IS f — 2f in-
terferogramy apskaiciuotos CEP pc g vertés; d) CEP triukSmo spektrinis galios
tankis

entisa kontinuumo generatoriy buty galima pakeisti plony ploksteliy sistema,
neprarandant CEP stabilumo.
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4. 1.5pm impulsy solitoniné sa-
vispuda periodiskai orientuoto
netiesiskumo RKTP kristale

Siame skyriuje pristatomi rezultatai is publikacijos VII.

4.1. Neigiamo netiesinio luzio rodiklio atsiradi-
mas dél kaskadinio y(? netiesiskumo

Yra zinoma, kad kai terpése su x(?) netiesiskumu antrosios harmonikos gene-
racija vyksta nesant tikslaus fazinio sinchronizmo, antrosios harmonikos gene-
ravimo efektyvumas mazéja, o fundamentiné kaupinimo banga dél daug karty
i antraja harmonika iSverciamos ir griztancios atgal bangy patiria netiesinius
fazinius poslinkius [166]. Siy faziniy poslinkiy jtaka galima aprasyti dél kaska-
dinio proceso atsirandanciu efektiniu netiesiniu luzio rodikliu néKGSk') [167]:

2w d?
ets (4.1)

n(Kask.) _
2 cegn? ynop Ak

Cia w; - kaupinimo bangos daznis, d.;; - efektinis netiesikumas antrosios
harmonikos generacijos saveikai, nig ir noy - luzio rodikliai atitinkamai fun-
damentinei bangai ir antrajai harmonikai, Ak - fazinis nederinimas. Taigi, (%
netiesiskumas terpéje efektyviai sukuria x(®) netiesiskuma.

Kaip Zinoma, visos neutralios (ne plazmos buvio) optinés terpés pasizymi
teigiamu elektroniniu (Kero) netiesiniu luzio rodikliu, o tai lemia, kad netiesi-
nis fazinis poslinkis intensyviai spinduliuotei visada veda link pluosto fokusa-
vimosi. Todél svarbiausias kaskadinés antrosios harmonikos generacijos atveju
gaunamo netiesinio luzio rodiklio ypatumas yra tas, kad, kaip matyti i$ (4.1)
lygties, néKGSk') gali buti tiek teigiamas, tiek neigiamas. Tinkamai parinkus
salygas - sudarius salygas, jog Ak buty teigiamas ir pakankamai nedidelis, ga-

(Kero) (Kask.)

lima pasiekti, jog na = ny + ny < 0, t.y., sukurti opting terpe su
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neigiamu efektiniu netiesiniu luzio rodikliu. Tokios terpése iSvengiama pluosto
suirimo j daugelj $viesos gijy, taigi i$ principo galima realizuoti didelés ener-
gijos impulsy spektro plétra ir/arba savispuda. Nors pirmieji bandymai Sia
kryptimi buvo atlikti gana seniai ir atrodé gana perspektyviai ( [168] realizuo-
ta 100 fs, 600 wJ impulsy spuda iki 30 fs su 80% efektyvumu), didelio paplitimo
metodas nesulauké, nes kristaluose, standartiskai taikomuose femtosekundiniy

lazeriy antrosios harmonikos generacijai (pavyzdziui, BBO), néKem) ir prak-

tiskai prieinamy ngKaSk') verc¢iy santykis yra ne itin palankus. Kaip matyti is

Kask.
2

(4.1) lygties, esant fiksuotai de sy vertei, vienintelé galimybé didinti n yra

mazinti Ak - artéti prie sinchronizmo antrajai harmonikai; tokiu atveju niesk:
verté stipriai priklauso nuo bangos ilgio, ir neigiamas efektinis netiesiSkumas
pasiekiamas tik labai ribotame bangos ilgiy diapazone.

Proverzis Sioje srityje jvyko tada, kai M. Bache ir bendradarbiai pradéjo
kaskadinei impulsy savispudai taikyti periodiskai orientuoto netiesiskumo licio
niobato (PPLN, PP-LiNbOg) kristalus [169,170]. Dél daug didesnio PPLN kri-
staly deyy ir galimybés derinti efektinj Ak parenkant netiesiskumo orientavimo
- kvazi-sinchronizmo fazinés gardelés - perioda, neigiama efektinj luzio rodiklj
galima realizuoti daug platesniame ir/arba derinamame bangos ilgiy diapazone.
Be to, derinant kvazi-sinchronizmo perioda, galima realizuoti efektyvesnj ener-
gijos perdavima is besispaudziancios solitoninés kaupinimo bangos j dispersing
banga tolimesnéje IR srityje [171].

4.2. Kontinuumo generacijos salygos PPRKTP

kristale

Musy eksperimente netiesinei impulsy spudai naudojamas ankséiau tokio tipo
eksperimentuose nebandytas netiesinis kristalas - KTP. Eksperimentui pasi-
rinkta rubidziu legiruota KTP atmaina - RKTP. RKTP pasizymi visomis ge-
romis KTP savybémis: stipriu netiesiSkumu, placia skaidrumo juosta, taciau
yra atsparesnis pilky treky generacijai [172]. Be to, dél Rb priemaisy suma-
zéja K'TP joninis laidumas, dél ko pageréja periodiskai orientuoto netiesisku-
mo domeny struktury kokybé, kai periodinis domeny orientavimas vykdomas
elektrinio lauko metodu [173].

Kaupinimo bangos poliarizacija parinkus lygiagrecia kristalo ¢ asiai, o skli-
dimo kryptj - palei kristalo a asj, galima naudoti didziausia KTP netiesinj
koeficienta - ds3 = 16.9pm/V. Kristalo parametrai optimizuojami ~ 1.5 um
kaupinimo bangos ilgiui. Aktualus RKTP kristalo dispersijos ir efektinio ne-
tiesiskumo, kai parinktas 36 pm gardelés periodas, parametrai parodyti 4.1 pav.
Domeny orientavimo periodas parenkamas taip, kad fazinis sinchronizmas ant-
rosios harmonikos generacijai buty pasiekiamas netoli KTP dispersijos nulio
(=~ 1.8 um) Didziausio galimo netiesinio koeficiento naudojimas padeda pla-
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4.1 pav.: KTP kristalo dispersijos parametrai. (a) KTP kristalo grupinio luzio
rodiklio ir grupiniy grei¢iy dispersijos (GGD) priklausomybé nuo bangos ilgio.
Horizontali linija zymi GGD = 0; (b) treciosios eilés dispersija; (c) fazinio
nederinimo antrajai harmonikai ir dél kaskadinio netiesiSkumo atsirandancio

e e y—w O (kask.) . . o ws .
netiesinio luzio rodiklio n priklausomybé nuo bangos ilgio plac¢iame dia-
pazone; (d) kaip (c), tik siauresniame bangos ilgiy diapazone

¢iame bangos ilgiy diapazone realizuoti neigiama efektinj no: KTP netiesinio
lizio rodiklio Kero dedamoji n$¥“"” = 2.4 x 10715 cm?/W, o ties planuoja-
mu ~ 1.58 pm kaupinimo bangos ilgiu kaskadinis netiesiSkumas beveik deSimt
karty didesnis: néKaSk') = —1.65 x 10~*ecm?/W. Didelis neigiamas netiesinis
luzio rodiklis ir teigiama grupiniy grei¢iy dispersija ties kaupinimo bangos ilgiu
leidzia tikétis, jog kaupinimo impulsas solitoniskai spausis. Papildomas svar-
bus tokio gardelés periodo parinkimo privalumas - netiesiskumo ir dispersijos
zenklai keic¢iasi mazdaug ties tuo paciu bangos ilgiu, taigi, spektrui plintant,
spektrinés komponentés, atsirasiancios ties bangos ilgiais > 1.8 um, taip pat
solitoniskai spausis.

Dél plataus impulso spektro, modeliuojant buvo taikyta speciali lygtis, ku-
rioje visas elektrinis laukas aprasomas viena lygtimi, neskaidant j komponen-
tes, sukoncentruotas ties fundamentiniu ir antrosios harmonikos dazniais [174].
Skaic¢iuojant netiesine poliarizacija, modelyje buvo jskaityti momentinis - Kero
tipo - ir uzdelstas - Ramano tipo - atsakai. Gerai zinoma, kad Ramano sklai-
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4.2 pav.: Eksperimento schema

da KTP yra gana stipri [175], taciau nebuvo zZinoma, kokio tiksliai dydzio yra
Ramano sklaidos jtaka, lyginant su Kero efektu. Geriausias sutapimas tarp
eksperimento ir modeliavimo buvo gautas tada, kai modelyje Kero ir Ramano
efekty santykinis stiprumas buvo nustatytas frr = 0.5. Si verté atitinka bend-
ra tendencija, jog feroelektrinése medziagose Ramano efektas reikSmingas [176].

4.3. Kontinuumo generacijos PPRKTP kristale
su 36 um netiesiSkumo orientavimo periodu eks-

perimentinis tyrimas

I8 keleto pagaminty skirtingy parametry RKTP kristaly eksperimentams buvo
pasirinktas kristalas, kurio netiesiSkumo orientavimo periodas buvo 36 um, o
gardelés ilgis - 11 mm, nes buvo nustatyta, jog Siame kristale generuojamas pla-
Ciausio spektro kontinuumas. Eksperimento schema pavaizduota 4.2 pav. Eks-
perimente buvo naudojamas femtosekundinis Yb:KGW lazeris (Pharos, Light
Conversion) ir parametrinis stiprintuvas (Orpheus-F, Light Conversion). Sude-
rinus parametrinj stiprintuva, 1.52 pm bangos ilgiui, impulso energija sieké 5 pnJ,
impulsy pasikartojimo dazniui esant 50kHz, o impulso trukmé buvo 128fs.
Kaupinimo impulso SHG-FROG matavimo rezultatai pateikti pav. Bangine
plokstele ir poliarizatoriumi kaupinimo impulso energija paskirstyta taip: 4 puJ
skirti kaupinti PPRKTP kristalui; likes 1 uJ fokusuojamas j BBO kristala, ku-
riame generuojama antroji harmonika. Filtru nuslopinus fundamentine spin-
duliuote, Sis antrosios harmonikos impulsas naudojamas XFROG matavime.
Kaupinimo pluostas (diametras ~ 3mm) buvo Svelniai fokusuojamas |}
PPRKTP kristala f = 200 mm zidinio nuotolio lesiu. Kristalas buvo pastatytas
mazdaug 25 mm pries lesio zidinj: besifokusuojantis kaupinimo pluostas turéty
is dalies kompensuoti dél neigiamo netiesinio luzio rodiklio vykstantj pluosto
netiesinj defokusavimasi. Pries lesj naudojama banginé plokstelé tiksliai sude-
rinti kaupinimo spinduliuotés poliarizacija su PPRKTP kristalo ¢ asimi, taip
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pasinaudojant didziausiu PPRKTP netiesinio jautrio tenzoriaus elementu dss.
Kristalo pradzioje kaupinimo intensyvumas sieké ~ 13 GW /em?. Vengiant ch-
romatinés aberacijos, kontinuumo spinduliuoté kolimuojama R = —500mm
sferiniu veidrodziu. Vykstant MIR kontinuumo generacijai, PPRKTP kristale
dél kaskadiniy x(?) procesy taip pat generuojama nemazai netvarkingos spekt-
rinés strukturos matomos spinduliuotés, kurios spektras is dalies persikloja su
sritimi, kurioje turéty buti mus dominantis XFROG signalas. Siekiant mak-
simaliai Svaraus XFROG matavimo, $i matoma spinduliuoté buvo uzblokuota
filtru, praleidzianc¢iu tik > 1000 nm bangos ilgiy Sviesa.

SFG-XFROG/SHG-FROG matavimo schema buvo suprojektuota taip, kad
ir zonduojantj, ir kontinuumo impulsus buvo galima charakterizuoti tame pa-
¢iame kristale (BBO, 10 pm storio) neperstatant schemos. Tokiu budu uztik-
rinamas atitikimas tarp SHG-FROG ir SFG-XFROG matavimy.

Kontinuumo impulso XFROG matavimas pavaizduotas 4.3 pav. Pagrindi-
nio impulso trukmé yra apie 19 fs - mazdaug 6 kartus trumpesné nei pradinio
kaupinimo impulso (128fs). Be to, stebimas Zymus spektro plitimas j ilgaban-
ge puse. Glotnios formos ilgabangis spektro sparnas jdomus visy pirma todél,
kad tokia situacija yra priesinga tipinei kontinuumo generacijos situacijai, kai
didesnis glotnus spektro plitimas, siejamas su impulso galinio fronto statéjimu,
vyksta j trumpabange puse. Ilgabangé spektro sritis sukoncentruota dispersiné-
je bangoje, sekancioje uz susispaudusio pagrindinio impulso. Taip pat matyti,
kad dispersine banga sudaranc¢iy spektriniy komponenciy fazé kinta tolydziai ir
beveik polinominiu désniu, todél, parinkus tinkama dispersine terpe ar sistema,
buty galima tikétis suspausti ir dispersine banga.
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4.3 pav.: Kontinuumo XFROG matavimas. (a) impulsas (b) spektras ir spektro
fazé (c) uzfiksuotas XFROG pédsakas; (d) atkurtas XFROG pédsakas;
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Netiesinio impulsy sklidimo modeliavimo ir eksperimento rezultatai paly-
ginti 4.4 pav. Siekiant geriau atkartoti eksperimento salygas, skaiciavimuose
buvo naudojamas eksperimentiskai iSmatuotas kaupinimo impulso profilis ir
energija. Matyti, kad sutapimas tarp eksperimentinio spektro ir modeliavimo
rezultaty puikus. Impulso profiliai skiriasi kiek labiau, tac¢iau esminiai bruozai
- susispaudes centrinis impulsas ir uz jo sekanti moduliuota dispersiné banga -
atkartojami gerai. Visa tai patvirtina, jog detalus modelis gerai apraso kristale
vykstancius procesus.

(a) (b)
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4.4 pav.: Kontinuumo XFROG matavimas. (a) uzfiksuotas XFROG peédsakas;
(b) atkurtas XFROG peédsakas; (¢) Atkurtas spektras ir spektro fazé

Kontinuumo spektro priklausomybé nuo kaupinimo impulso energijos pa-
vaizduota 4.5 pav. Kaip ir galima tikétis, dél zenkliai skirtingy dominuojanciy
kontinuumo generavimo mechanizmy, $i priklausomybé atrodo visai kitaip nei,
pvz., 3.5 pav. Verta atkreipti démes;j i tokius diagramoje matomus désningu-
mus. Kaip ir tikétasi, kai j ilgabange puse plintantis spektras pradeda siek-
ti 2000 nm, isryskeéja ir antrosios harmonikos signalas ties 1000 nm, nulemtas
palankiy fazinio sinchronizmo salygu kristale. Spektras plinta asimetriskai -
smarkiau j ilgabange puse. Pagrindiniai tai lemiantys veiksniai - palankios fa-
zinio sinchronizmo salygos keturbangei saveikai tarp kaupinimo ir komponenciy
ilgabangéje puséje; parinktas kaupinimo bangos ilgis, lemiantis, jog kaupinimo
impulso grupinis greitis artimiausias ~ 2.5 um spektriniy komponenciy grupi-
niam grei¢iui, bei Ramano sklaidos jtaka. Labai svarbu ir tai, kad néra aiskios
slenkstinés energijos vertés - didinant energija, spektro plitimas vyksta paly-
ginus tolydziai. Tai irgi suprantama: dél neigiamo netiesinio luzio rodiklio,
didéjant intensyvumui vyksta ne savaiminis pluosto fokusavimasis, o savaimi-
nis pluosto defokusavimasis, kuris nepasizymi slenkstine proceso eiga.
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4.5 pav.: PPRKTP kristale generuojamo kontinuumo spektro priklausomybé
nuo kaupinimo impulso energijos

Apibendrinant galima pasakyti, kad atlikti eksperimentai rodo, kad impul-
su spuda PPRKTP kristale galéty buti patrauklus budas generuoti trumpus
impulsus aplink 1.5 um. Si schema turi nemazai privalumy: eksperimentiskai
ja realizuoti labai paprasta; galima tikétis Zenklios pagrindinio impulso spudos
ir neblogos suspausto impulso kokybés; neigiamo netiesinio luzio rodiklio déka
Sia schema galima naudoti ir su salygiskai didelés energijos impulsais (PPRKTP
kristalus galima pagaminti 5mm ir didesnés aperturos [173]); taip pat galima
tikétis gero iséjimo impulso parametry stabilumo, nes is 4.5 matyti, kad spekt-
ro kitimas keic¢iantis kaupinimo energijai yra létas ir tolydus. Taciau §i schema
turi ir trukumy: specifing procesui realizuoti reikalinga fazinio nederinimo ir
grupiniy grei¢iy dispersijos kombinacija galima gauti tik tada, kai kaupinimo
bangos ilgis patenka i gana siaurg sritj (mazdaug 1.3 um-1.6 um). I §j inter-
vala nepatenka populiariausiy femtosekundiniy lazeriy spinduliuojamy bangy
ilgiai (~ 800 nm ir ~ 1030 nm), todél kaupinimo impulsg Siam kristalui beveik
neisvengiamai reikia generuoti parametriniu stiprintuvu, o tai riboja bendra
schemos energinj efektyvuma (iSimtis galéty buti Sviesolaidiniai Er jonais legi-
ruoti lazeriai; nors dauguma komerciskai prieinamy Er lazeriy veikia desiméiy
MHz dazniy ir spinduliuoja nJ eilés ar dar mazesnés energijos impulsus, yra
pademonstruota, kad naudojant didele legiravimo koncentracija ir trumpa gali-
nio stiprintuvo sviesolaidj, tokiame lazeryje galima sugeneruoti net ~ 1 mJ eilés
energijos impulsus [177]). Be to, reikia pastebéti, kad nors tyrime nebuvo tam
skirta daug démesio, kristale generuojama ir nemazai netvarkingos spektrinés
struktiiros matomos spinduliuotés, kuri lemia papildomus nuostolius, be to,
daugeliui taikymy ja reikia papildomai filtruoti. Taip pat yra zinoma, kad im-
pulsai, gaunami savispudos budu terpése su neigiamu netiesiniu luzio rodikliu,
pasizymi erdvéje moduliuota impulso trukme [178], taciau reikéty papildomuy
matavimy, norint nustatyti sio efekto masta duotuoju atveju.

102



5. Placiame diapazone derinamy
keleto optiniy cikly impulsy MIR
srityje generavimas Yb:KGW la-
zeriu kaupinamoje sistemoje

Siame skyriuje pristatomi rezultatai dar nepaskelbti publikacijose, bet dalis
rezultaty yra pristatyti konferencijose.

5.1. Kiristaly apzvalga

Brandziausi $iuo metu prieinami lazeriniai ultratrumpuju impulsy saltiniai -
Ti:safyro ir Yb- pagrindu veikiantys lazeriai - spinduliuoja atitinkamai ties
800 nm ir 1030 nm. Galimybés generuoti ultratrumpuosius impulsus MIR sri-
tyje naudojant tokiy lazeriy spinduliuote tiesiogiai yra gana ribotos: absoliuti
dauguma netiesiniy kristaly, skaidriy Siems bangos ilgiams, néra skaidrus vi-
duriniojoje infraraudonojoje srityje. Keleto populiariausiy netiesiniy kristaly
skaidrumo sritys, draustinés juostos tarpai E¢ ir efektiniai netiesiniai koeficien-
tai d.r sgveikai, kai kaupinimo bangos ilgis 2 um, signalo bangos ilgis - 3 um,
o generuojamo skirtuminio daznio bangos ilgis - 6 um, pazyméti 5.1 lenteléje.

5.1 lentelé: Netiesiniy kristaly, tinkamy generuoti MIR srities impulsus, para-
metrai

Kristalas | Skaidrumo sritis ‘ E¢g [eV] ‘ dey [pm/V] ‘

AgGaSy 500 nm-13 pm 2.73 8.1
GaSe 650 nm-18 wm 2.1 56
LiGaS 330nm-11.6 pm 4.15 4.33
ZnCeP, 2 pm-12 pm 1.2 78
CdSPy 660 nm-9 wm 2.45 39

103



Svarbu atkreipti démesj, kad dirbant su femtosekundiniais impulsais rea-
liai naudinga skaidrumo sritis yra apsprendziama ne vienfotonés, o bent jau
dvifotones sugerties. Todél, pavyzdziui, nors AgGaSy, GaSe kristalai laikomi
skaidriais ir Yb-, ir Ti:safyro lazeriy spinduliuotei tiesiniame sklidimo reZime,
naudojant Siy lazeriy spinduliuote su intensyvumais, reikalingais efektyviai ne-
tiesinei tribangei saveikai, galima tikétis ryskios dvifotonés sugerties. Maza
to, kad dvifotoné sugertis lemia nuostolius kaupinimo bangai, dél ko sugene-
ruojama maziau naudingos infraraudonosios spinduliuotés, naudojant krista-
lus tokiomis salygomis didelio pasikartojimo daznio/vidutinés galios sistemose,
greitai pasireiskia kristalo kaitimas, dél kurio gali keistis fazinio sinchronizmo
salygos ar nukentéti pluosto kokybé, o krastutiniu atveju - jvykti kristalo pazei-
dimas. Matyti, kad daugeliu atzvilgiy CdSPq kristalas turi pranasumy, taciau
jo gauti kol kas labai sunku. LiGaSq kristala netgi buty galima naudoti tiesiai
su 1 um kaupinimo lazeriu, tac¢iau jo gauti taip pat nelengva, be to, jo netiesinis
koeficientas gan mazas.

Atsizvelgiant |} iSvardytas problemas, matyti, jog daugeliu atvejy perspek-
tyvesnis metodas yra dvipakopis procesas: panaudojant oksidinius kristalus
perkelti kaupinimo lazeriy spinduliuote i bangos ilgius, kuriuose iSvengiama
dvifotonés sugerties, o po to Sia spinduliuote naudoti kaip kaupinima tolimes-
nei parametrinei pakopai, kurioje naudojamas neoksidinis kristalas. Musy at-
veju, vengiant Zinomy AgGaSy kristalo problemy dél netiesinés sugerties ir
degradavimo, pasirenkamas GaSe kristalas.

Daugumoje mokslinéje literaturoje aprasyty, o taip pat ir komerciniy, tokio
tipo sistemy naudojama skirtuminio daznio generacijos schema: infraraudonoji
spinduliuoté generuojama naudojant parametrinio stiprintuvo signala kaip kau-
pinima, o salutine banga - kaip signala. Neretai tai realizuojama labai paprastu
metodu: paskutiné stiprintuvo pakopa kolineari; dichroiniu veidrodziu atskyrus
kaupinima, galima iSsyk statyti IR kristala ir generuoti skirtuminj daznj [179].
Tokia schema gana gerai pasiteisina su Ti:safyro lazeriais: juy impulsy trukmeé
neretai siekia 20-30fs, panasios trukmés buna ir signaliniai bei Salutiniai im-
pulsai. Dél to taip generuojant skirtuminj daznj, galima pasiekti gan didelj
skirtuminio daznio impulsy spektro plotj (300 cm ™1 ir daugiau), kuris svarbus
spektroskopiniuose taikymuose [180]. Tuo tarpu Yb- lazeriy impulsy trukmeé
retai kada buna mazesné nei 150fs, o daugumoje komerciniy lazeriy paprastai
siekia 250-400fs. Nesiimant specialiy priemoniy, panasios bus ir parametriniy
bangy impulsy trukmeés, dél ko ir generuojami IR impulsai bus daug ilgesni nei
keletas optiniy cikly ir pasizymeés siauresniu spektru [181].

Siame skyrelyje aprasomy tyrimy tikslas buvo sukurti netiesine optine sis-
tema, kaupinama Yb:KGW lazeriu, kuri galéty generuojamy impulsy trukme,
spektro ploc¢iu bei IR impulsy generavimo efektyvumu konkuruoti su Ti:safyro
lazeriy pagrindu sukurtomis sistemomis [182-186]. Reikia pastebéti, kad nese-
niai buvo pademonstruota itin trumpy - 32 fs - impulsy generacija ties &~ 8 pm
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5.1 pav.: Galimi impulsy trukmiy santykio parinkimo variantai, siekiant ge-
neruoti trumpus skirtuminio daznio impulsus. a) Ilgas kaupinimo impulsas,
trumpas signalinis impulsas b) Ilgas kaupinimo impulsas, ¢irpuotas signalinis
impulsas ¢) Trumpas kaupinimo impulsas, ilgas signalinis impulsas

Yb:KGW lazeriu kaupinamoje sistemoje [187] naudojant LiGaSy kristala, ta-
¢iau Sioje sistemoje trumpi impulsai gaunami tik ties vienu fiksuotu centriniu
bangos ilgiu.

5.2. Schema ir jos pagrindimas

Kaip minéta anksciau, taikant paprasciausiaja schema sugeneruoti trumpy IR
impulsy sistemoje, kaupinamoje Yb:KGW lazeriu, nepavyks. Galima pereiti
prie vienu laipteliu sudétingesnés schemos: DFG pakopos kaupinima ir uzkra-
ta formuoti atskiruose parametriniuose stiprintuvuose, o po to suvesti § DFG
pakopa. Naturaliai kyla klausimas: kokiomis savybémis turéty pasizymeéti for-
muojami DFG kaupinimo ir uzkrato impulsai, kad buty galima generuoti trum-
piausius, placiausio spektro IR impulsus, islaikant kuo geresnj visos schemos
efektyvuma, be to, pasiliekant galimybe derinti IR spinduliuote kuo platesnia-
me spektriniame diapazone?

Keletas galimy tokios sistemos koncepcijy schematiskai pavaizduotos 5.1
pav. Aptarsime tokiy apibendrinty schemy fundamentalius privalumus ir tra-
kumus.

Pirmoji schema pateikta tik kaip neteisingo sprendimo pavyzdys ir yra
iS esmés nenagrinétina: kaip matéme is tribangés impulsy saveikos lygciy,
"MB%FG x A Ag, t.y., skirtuminis daznis stipréja tada ir tik tada, kai kaupini-
mo ir signalo impulsai laike kertasi. Jei signalinis impulsas zymiai trumpesnis
uz kaupinimo impulsa, didzioji kaupinimo impulso dalis skirtuminio daznio
negeruoja. Taigi, visas procesas bus labai neefektyvus.

Antroji schema i$ esmés vaizduoja ¢irpuoty impulsy parametrinio stiprini-
mo idéja: naudojamas siauro spektro kaupinimo impulsas bei plataus spektro
signalo impulsas, kurio spektru ribota trukmeé gali leisti suspausti impulsa iki
trukmeés, daug mazesnés negu kaupinimo impulso trukmeé, o ¢irpas parenkamas
taip, kad impulso trukmé buty palyginama; skirtumas tik toks, kad kaip nau-
dingoji i8éjimo banga pasiimama ne sustiprinta signaliné banga, o skirtuminis
daznis. Tokia schema daug geresné uz pirmaja, nes galima tikétis iSnaudoti
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zenklig kaupinimo impulso energijos dalj. Be to, kadangi abu impulsai ilgesni,
tokia schema galéty buti salygiskai maziau jautri vélinimo tarp impulsy dreifui
bei impulsy grupiniy grei¢iy nederinimui. Kita vertus, Sioje schemoje proble-
my gali kelti impulsy kompresorius: dél plataus Saltinio derinimo diapazono,
labai tikétina, kad norint suspausti zenkliai besiskirianc¢iy centriniy bangos il-
giy impulsus, gali reikéti labai skirtingy kompresoriy. Atsizvelgiant j sunkiai
kontroliuojama MIR pluosty skéstj ir tai, kad dél praktiniy keblumy, kylanciy
detektuojant MIR spinduliuote, naudoti derinamus - pvz., prizminius, kompre-
sorius su MIR spinduliuote yra labai sunku. Siauresnio spektro impulsus buty
galima suspausti kombinuojant medziagas su teigiama ir neigiama grupiniy
grei¢iy dispersija, taciau visy medziagy treciosios eilés dispersija teigiama, to-
dél bandant kompensuoti grupiniy grei¢iy dispersija tiesiog parenkant tinkama
langelj greiciausiai nepavyks pasiekti geros impulso kokybes.

Atsizvelgiant j Sias problemas, matyti, kad galimybé plac¢iame derinimo dia-
pazone iSsyk generuoti beveik spektru ribotus impulsus buty nemazas priva-
lumas. Kaip tik tokiu privalumu ir pasizymi siame darbe naudota schema,
pavaizduota c) variante. Siuo atveju naudojamas trumpas, fiksuoto bangos il-
gio kaupinimo impulsas, o skirtuminio daznio derinimas realizuojamas derinant
uzkrato impulsa, kuris uz kaupinimo impulsa gali buti ir gerokai ilgesnis. Kaip
ir pirmojoje schemoje, impulsy trukmés nesuderintos, taciau kadangi skirtumi-
nio daznio energija iS esmés lemia kaupinimo energija, tai néra didelé problema.
Realizuoti plac¢iame diapazone derinama siauro spektro impulsy Saltinj néra su-
détinga: tam puikiai tinka KTA kristalai, kurie pasizymi gera optine kokybe,
atsparumu optiniams pazeidimams ir yra skaidrus iki ~ 4.5 um.

Naudojant Yb:KGW lazerio 1 harmonikos spinduliuote, plataus spektro,
fiksuoto bangos ilgio impulsy Saltinj galima realizuoti iS esmés dviem krista-
lais (jei apsiribosime technologiskai brandziais kristalais, kuriuos galima tikeétis
gauti geros optinés kokybés). Vienas variantas yra KTA kristalas, kuriame,
naudojant nekolinearig II tipo saveika, galima stiprinti ~ 30fs impulsus ati-
tinkancio spektrinio plocio spinduliuote ties mazdaug 1.45 um. Kitas variantas
- BBO kristalas (panasSiomis savybémis pasizymi ir BiBO kristalai), kuriame
panaudojant iSsigimusia I tipo saveika galima stiprinti < 20 fs impulsus atitin-
kancio spektro spinduliuote ties 2 um centriniu bangos ilgiu. Kurj is siy dvieju
varianty geriau pasirinkti, aiskéja paziuréjus i 5.2 pav. pavaizduotos kreivés,
vaizduojancios grupinio vélinimo 1 mm storio GaSe kristale priklausomybe nuo
bangos ilgio, esant keliems skirtingiems saveiky variantams.

Matyti, kad generuojant infraraudonaja spinduliuote ties visais nagrinéja-
mais bangos ilgiais - nuo 5 iki 12 pm, saveikaujanciy bangy grupiniai vélinimai
zenkliai maziau skiriasi tuo atveju, kai naudojamas ilgesnis kaupinimo bangos
ilgis. Idomu tai, kad II tipo saveikoje generuojant 12 um sSalutine banga pa-
siekiamas beveik pilnas visy triju bangy grupiniy grei¢iy suderinimas (5.2(d)
pav.), o I tipo saveikoje gali buti realizuotas pilnas grupiniu grei¢iy suderini-
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5.2 pav.: Grupinio vélinimo GaSe priklausomybés nuo bangos ilgio esant jvai-
riems kampams 6, atitinkantiems fazinj sinchronizma nurodytose parametriné-
se saveikose. TaSkais paryskinti saveikaujanciy bangy ilgiai (P - kaupinimas,
S - signalas, I - Salutiné banga). Visais atvejais skaiiuojamas grupinio veli-
nimo skirtumas kaupinimo bangos atzvilgiu. (a)-(d) skiltys vaizduoja II tipo
parametrine saveika (e — oe), (e)-(f)- I tipo (e — 00).
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mas 10 pm skirtuminiam dazniui (5.2(e) pav.). Kiek sunkesné situacija yra su
trumpesnio bangos ilgio skirtuminiais dazniais, kur norint pasiekti geresnj gru-
piniy greic¢iy suderinima, reikéty dar ilgesnio bangos ilgio - 2.5 pm - kaupinimo
(5.2(f) atvejis), taciau ir ¢ia situacija su 2 um kaupinimu Zymiai geresné nei su
1.46 um (plg. 5.2(a) ir 5.2(e) ). Taigi, turint ~ 2 pm bangos ilgio kaupinima,
galima naudoti storesnius GaSe kristalus (ir taip pasiekti geresnj efektyvuma),
ir kartu neprarasti spektro plo¢io. Vadinasi, geresnis pasirinkimas Siam taiky-
mui - BBO ar BiBO kristalai ir issigimusi I tipo saveika.

BBO kristalo sinchronizmo kreivés ir mazo signalo stiprinimo koeficien-
tai, apskaiCiuoti naudojant IR diapazone patikslintas Sellmeier formules [110],
pavaizduoti 5.3 pav. Lyginant su analogiska informacija 515 nm kaupinimo at-
veju pateikianciu 2.14 pav., matyti ryskus skirtumai. Svarbiausias skirtumas -
nekolinearumo kampas « beveik nebeturi jtakos sinchronizmo kreivés ir mazo
signalo stiprinimo formai. Antra, nors naudojamas toks pats kristalo storis
ir netgi didesnis intensyvumas nei 2.14 pav., stiprinimo koeficientai yra daug
mazesni. Taip yra todél, kad visy dalyvaujancéiy bangy dazniai yra mazesni,
o netiesinio rySio koeficientas I' jiems proporcingas (zr. (2.2)). Kita vertus,
naudojant 1030 nm kaupinimo impulsus kristalo pazeidimo slenkstis didesnis
nei naudojant 515nm [188], tad maZesnj stiprinimo koeficienta i$ dalies kom-
pensuoti didesniu kaupinimo intensyvumu galima nerizikuojant kristalo optiniu

pazeidimu.
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5.3 pav.: a) Fazinio sinchronizmo kreivés I tipo BBO kristale, kai kaupinimo
bangos ilgis 1030 nm, esant skirtingiems nekolinearumo kampams «; b) mazo

signalo stiprinimo koeficiento S priklausomybé nuo signalo bangos ilgio A, kai

kristalo storis 2mm, o kaupinimo intensyvumas 150 GW/cm?. Skaic¢iavime

neatsizvelgta | BBO kristalo sugertj, kuri pasidaro reikSminga nuo = 2300nm

5.3. 2um centrinio bangos ilgio, <30fs trukmeés
kaupinimo saltinis ir siaurajuostis 2 pym —4 pum uz-

krato saltinis

Visos sistemos principiné schema pavaizduota 5.4 pav. Ja sudaro placiajuos-
tis OPA kanalas, siaurajuostis OPA kanalas, ir skirtuminio daZnio generacijos

pakopa.
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: Placdiajuostis OPA :
1 Kontinuumo Pléstuvas Nekolinearios OPA pakopos Spaustuvas 1
1 generatorius Si 3x | tipo BBO Lydytas kvarcas |
8mm YAG (GGD > 0) (GGD < 0)
1 1
Jusmy R :
1 ~2um 1
! >150y !
L e e e mo_o 20-30fs !
B 1 Skirtuminis
1 Kontinuumo,, . Dichroinis veidrodis y Dichroinis veidrodis daznis
1 generatoriusplezs';géas Smc;rf’AICFA HR1030nm 1 HR1350-2060nm GaSe 4-13pm
0.3mp 8mm YAG HT1350-4000nm ' HT2060-4000nm 0.75mm
- 1

\/ Signalas

1 1

1 - 1 2-4pm
1 >3y 1 \/ ¥

! 1

5.4 pav.: Dvikanalés parametrinio stiprinimo ir skirtuminio daznio generavimo
sistemos principiné schema

Kaip aptarta ankstesniame skyrelyje, sudétingiausias sistemos modulis -
trumpy ~ 2pum centrinio bangos ilgio impulsy Saltinis. Parinkus tinkamas
fokusavimo salygas, 8mm YAG kristale generuojamas kontinuumas, kurio ilga-
bangé dalis tiesiogiai naudojama kaip uzkratas parametrinio stiprinimo pako-
poms, kuriy netiesinés terpés - I tipo BBO kristalai. Kontinuumo generavimo
salygy optimizavimas buvo atliekamas remiantis Ziniomis i$ [96]. Sis darbas yra
vienas pirmyjuy, kuriame kontinuumas, kaupinamas Yb lazerio pirmaja harmo-
nika, tiesiogiai naudojamas kaip uzkratas ~ 2 um parametriniam stiprintuvui.
Daugelyje kity literaturoje aprasyty placiajuosciy 2 um parametrinio stiprini-
mo schemy, pradinis 2 pm uzkratas sukuriamas generuojant skirtuminj daznj
tarp dvieju trumpesniy bangos ilgiy impulsy, pvz., Ti:Safyro osciliatoriaus ir
1pm Nd- ar Yb- lazerio spinduliuotés [32,189-191]. Nors tokioje schemoje
atsiranda galimybé generuoti 2 um impulsus su pasyviai stabilizuota CEP, sie-
kiant tiesiog generuoti plataus spektro MIR impulsus $is privalumas nesvarbus,
o uzkrato generavimas tiesiog i$ kontinuumo yra patrauklus savo paprastumu.
Toliau schemoje kontinuumas perfokusuojamas lesiu, prasklinda per Si plokste-
le, skirtg suvaldyti ¢irpui, ir patenka j BBO kristala, kuriame yra stiprinamas I
tipo saveika. BBO kristalo dispersija ties 2 um yra gana didelé (—134%), to-
dél vienoje pakopoje sustiprintas impulsas zenkliai patrumpéja, ir stiprinimas
antroje pakopoje tampa neefektyvus. Siekiant to iSvengti pries antraja pakopa
iterpiamas dar vienas Si langelis. Sustiprintas dar vienoje BBO pakopoje, im-
pulsas suspaudZiamas éirpuotais veidrodziais (-250fs?/atsp.) ir lydyto kvarco
langeliais (—100%).

Du sios posistemeés isvadiniy impulsy matavimai pavaizduoti 5.5 ir 5.6 pav.
Pirmuoju atveju modulis suderintas plac¢iausiam spektrui, ir impulso spektru
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ribota trukmeé siekia <18fs, tac¢iau paprastomis priemonémis nejmanoma suval-
dyti treciosios eilés dispersijos, dél kurios atsiranda ryskus poimpulsis.

Treciosios eilés dispersija buty galima kompensuoti neseniai pademonstruo-
tais Siam bangos ilgiy diapazonui tinkamais ¢irpuotais veidrodziais [32], tadiau
tokie veidrodziai su neigiama treciosios eilés dispersija kol kas yra labai bran-
gus. Kita vertus, tokia trumpa impulso trukmé siuo atveju néra butina, nes
dél grupiniy grei¢iy nederinimo ir dispersijos GaSe kristale skirtuminio daznio
impulsai vis tiek isplis. Suderinus stiprintuva siauresniam spektrui, gaunamas
kiek ilgesnis - 31fs - impulsas, tadiau, kaip matyti 5.6(a) pav., impulso kokybé
yra puiki. Sio parametrinio stiprintuvo kanalui kaupinti naudojant ~ 1.4 mJ
energijos, buvo pasiekiama 140 — 170 wJ signalinio impulso energija. Sis impul-
sas toliau naudojamas kaip kaupinimo impulsas skirtuminio daznio pakopoje.

Uzkratas skirtuminio daznio pakopai generuojamas siaurajuos¢iame OPA
kanale. Cia taip pat naudojamas baltos $viesos kontinuumas, generuojamas
YAG kristale. Bendrai $io OPA kanalo veikimas paprastesnis, nes néra porei-
kio specialiai rupintis stiprinamy impulsy spektro ploc¢iu ar trukme. Taikoma
standartiné parametriniy stiprintuvy konstravimo metodika: uzkrato impul-
sas iSpleciamas iki tokios trukmeés, kad po kaupinimo impulsu tilpty salyginai
siauras dazniy intervalas; signalo ir kaupinimo pluostai kolineariai suvedami
per dichroinj veidrodj; stiprinamas bangos ilgis parenkamas derinant veélini-
ma tarp kaupinimo ir signalo bei kristalo pasukimo kampa; toliau schemoje
naudojama stiprintuvo salutiné banga atskiriama nuo kity bangy dichroiniais
veidrodziais.

5.4. MIR diapazono impulsy generavimas ir
stiprinimas GaSe kristale

Kaupinimo ir signalo pluostai suvedami j GaSe kristala mazu kampu (= 1°),
kad buty galima atskirti saveikaujancias bangas nenaudojant papildomy opti-
niy elementy. Siaurajuoscio signalinio impulso energija, pasiekianti GaSe kri-
stala, buvo ~ 5 uJ, o plac¢iajuoséio kaupinimo - ~ 150 uJ. Buvo isbandyti keli
skirtingy storiy GaSe kristalai: 0.35 mm, 0.75 mm, ir 1.5 mm. Nustatyta, kad
0.75 mm is esmés neriboja impulsy spektro plocio, lyginant su 0.35 mm kristalu,
o generacijos efektyvumas yra zenkliai didesnis. Tuo tarpu naudojant 1.5 mm
spektro plociai kiek susiaurédavo, o generacijos efektyvumas didéjo labai nezy-
miai. Taigi toliau pateikiami tik rezultatai, gauti skirtuminj daznj generuojant
0.75 mm GaSe kristale.

Serija spektry, uzfiksuoty monochromatoriumi su HgCdTe detektoriumi,
pavaizduota 5.7 pav. Atsizvelgiant i tai, kad i§ viso buvo naudojama 1.7mJ
kaupinimo energijos (1.4 mJ ankséiau aptartam 2 um kanalui ir 0.3 mJ siaura-
juosfiam kanalui), matyti, kad bendras keitimo efektyvumas (apskaic¢iuojamas
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5.5 pav.: Kaupinimo impulso matavimas ties 2 um. (a) Impulso gaubtiné (b)
Spektras ir spektro fazé (c) Uzfiksuotas XFROG peédsakas (d) Atkurtas XF-
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5.6 pav.: Kaupinimo impulso matavimas ties 1.8 um. (a) Impulso gaubtiné
(b) Spektras ir spektro fazé (c) Uzfiksuotas XFROG pédsakas (d) Atkurtas
XFROG pédsakas
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lyginant iSvadiniy impulsy galia su visos sunaudotos kaupinimo spinduliuotés
galia) siekia nuo 1.3% ties 3.2 um iki 0.3% ties 11.6 pm, tuo tarpu kvantinis
efektyvumas skirtuminio daznio generacijos pakopoje sieké 15-30%. Ties kai

kuriais bangos ilgiais pasiekiami spektro ploé¢iai iki 600cm~'. Eksperimen-
te naudotas kaupinimo lazeris dirbo 10 kHz pasikartojimo dazniu, taigi DFG

sistemos is¢jime gaunama 50-250mW IR spinduliuotés.

—— 3.2um/591cm™!

- —— 4.1um/665cm~t
E —— 4.7um / 480cm~!
= —— 5.1um/330cm™!
< —— 5.9um /306cm™t
% —— 6.8um /288cm™!
g 8.0um / 189cm~t
; —— 9.6um/274cm™t
> 11.6um/171cm™!
c —

(7]
-t
£
25 . 1000
\ -®- Impulso energija

— \ —A— Spektro plotis pusés aukstyje o

—_ \

=20- \ ,’\ N r800 IE

vV el

S, /\L\,,'I N"Q‘ (b) =

515, SN S 1600 w

g N A 2

(0] 7\ \\\ /” N a

© 101 \ \ AN 400 o

w A | \

a n < \\\/,\ _ §

2 5. e o 200 &

£ n
0

2 3 4 5 6 7 8 9 10 11 12 13 14 15
Bangos ilgis [um]

5.7 pav.: GaSe generuojamy signaliniy (iki 4.1 pm) ir skirtuminiy (ilgesni bangy
ilgiai) impulsy spektrai (a) ir ju energijos bei spektro plociai pusés aukstyje (b).
Spektruose matomos atmosferos sugerties linijos: COg - ties 4.2 pm ir vandens
gary ties 6 — 7 um

Nustacius fazinio sinchronizmo kampa taip, kad efektyviausias stiprinimas
vykty ne tiksliai ties uzkrato centrinio bangos ilgiu, signaliniam impulsui galima
suformuoti itin platy spektra. Tokio impulso XFROG matavimas pateiktas 5.8.
XFROG matavimai atlikti suminio daznio generavimui naudojant < 10 pum
storio BBO kristala. Nors matuoti impulsai yra gerokai ilgesnio bangos ilgio,
nei leidzia daugumoje literaturos saltiniy minimas BBO skaidrumo diapazonas
(iki &~ 2.3 um), dél itin mazas kristalo storio galima ji taikyti ir matuojant daug
ilgesniy bangos ilgiu impulsus [110]. Matyti, kad impulso trukmé atkartoja
kaupinimo impulso trukme - 31fs. Ties 3.39 um centriniu bangos ilgiu, 31 fs
trukmeé atitinka < 2.6 optinio ciklo. Taigi, aptartu metodu galima generuoti
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keleto optiniy cikly impulsus viduriniojoje infraraudonojoje srityje.

XFROG matavimuose atsiskleidzia ir atmosferos sugerties jtaka impulso
kokybei. 5.9 pav. parodytas skirtuminio daznio impulso, kurio spektro dide-
lé dalis patenka j atmosferos CO9 sugerties juosta, matavimas. Matyti, kad
ties sugerties linija spektrinis intensyvumas zenkliai sumazéjes, o spektro fazé
jigauna sudétinga forma. Siame XFROG matavime nepakanka spektrinés sky-
ros, taciau yra parodyta, kad sugertis impulso spektre pasireiskia kaip tanki
spektrinio intensyvumo ir spektro fazés moduliacija [192]. Vienas i§ parametry,
lemianc¢iy XFROG matavimo spektrine skyra, yra delsos verciy, ties kuriomis
matuojami spektrai, intervalas. IS tikryjy poimpulsis stebimas iki desimtis kar-
ty daug ilgesniy delsy, nei pavaizduota paveiksle - vadinasi, uzfiksuotas XFROG
pédsakas nepilnas - ta¢iau matavimai daug ilgesniame delsy diapazone uzimty
labai daug laiko, be to, kilty sunkumy XFROG pédsako atkurimo etape, pa-
nasiy j aprasytuosius 2.2.2 skyriuje. IS literaturos yra zinoma, kad sudétingos
struktiiros poimpulsiai atsiranda dél to, kad, impulsui suzadinus poliarizacija
daugelyje rotaciniy-vibraciniy CO9 molekuliy mody, interferuoja daugelio skir-
tingy dazniy spinduliuoté [193]. Siy efekty realiose spektroskopinése sistemose
paprastai iSvengiama laikant pacius lazerinius Saltinius bei bandinius uzdarose
kamerose, kuriose vietoj oro pripumpuojama azoto (Ny). Dél simetriskos dvia-
tomés strukturos azoto molekulés neturi dipolinio momento, todél nepasizymi
vibracinémis sugerties linijomis IR srityje. Visgi, neziurint impulso iSkraipymo
deél CO9 sugerties, impulso trukmeé pusés aukstyje atitinka ~ 3 optinius ciklus.

Dar ilgesniy bangos ilgiy impulsy trukmes iSmatuoti nepavyko dél mazéjan-
¢io signalo ir tinkamy kristaly trukumo. Vienas i$ salyginai daznai naudojamuy
metody matuoti impulsams ties 10 um ir ilgesniais bangy ilgiais - elektrooptinis
zondavimas [185], ta¢iau ji galima taikyti tik tada, kai matuojama impulsy vo-
ra yra CEP stabili. Darbe nagrinéta sistema Sia savybe nepasizyméjo. Galima
tik samprotauti, jog nors grupiniy grei¢iy nederinimas tarp visy impulsy ir yra
labai mazas, kaip parodyta 5.2 pav., ilgabangis impulsas turéty kiek prailgéti
dél sparciai didéjancios GaSe kristalo grupiniy greiciy dispersijos. Kita vertus,
mazéjant nesanciajam dazniui, atitinkamai ilgéja ir vieno optinio ciklo trukmé,

tad tikétina, jog optiniy cikly skaic¢ius galéty islikti panasus.
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5.8 pav.: GaSe stiprintuvo signalinio impulso matavimas, kai fazinis sinchroniz-
mas iSderintas j ilgabange puse. (a) Impulso gaubtine (b) Spektras ir spektro
fazé. Impulso centrinis bangos ilgis - 3.39 um (c) Uzfiksuotas XFROG peédsakas
(d) Atkurtas XFROG peédsakas
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5.9 pav.: Skirtuminio daznio impulso, ryskiai paveikto CO9 sugerties, mata-
vimas. (a) Impulso gaubtiné (b) Spektras ir spektro fazé. Impulso centrinis
bangos ilgis - 4.1 um (c) Uzfiksuotas XFROG pedsakas (d) Atkurtas XFROG

pédsakas
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ISvados

1. Siekiant gero CEP stabilumo parametrinése CEP stabilizavimo schemose,
kuriose CEP stabilizuoty impulsy spektras dar ple¢iamas kontinuumo ge-
neratoriuje, butina pasiekti tinkamg parametriniy stiprinimo pakopy jso-
tinima, kad buty gaunamas geras kontinuumo kaupinimo impulsy ener-
gijos stabilumas, be to, reikia atsizvelgti i CEP ir kaupinimo energijos
rysio koeficiento priklausomybe nuo fokusavimo j kontinuumo generavi-
mo terpe vietos. Naudojant stabily Yb:KGW lazerj (energijos triukSmas
<0.1%), galima generuoti didesnio nei oktavos spektro plocio impulsus,
kuriy CEP stabilumas yra geresnis nei 100mrad.

2. Panaudojant itin plataus spektro uzkrata is baltos Sviesos kontinuu-
mo, generuojamo kaupinant =~ 1.3 pm centrinio bangos ilgio impulsais,
Yb:KGW lazerio antraja harmonika kaupinamame nekolineariame para-
metriniame stiprintuve galima efektyviai stiprinti impulsus, kuriy spektro
plotis atitinka 5.5fs spektru ribota trukme. Lyginant su uzkrato for-
mavimu i§ Yb:KGW lazerio pirmaja harmonika kaupinamo kontinuumo,
plataus spektro uzkrato naudojimas tolimesnése OPCPA sistemos pako-
pose leidzia efektyviau iSnaudoti visa BBO kristalo stiprinimo juosta ir
generuoti trumpesnius impulsus.

3. Kontinuumo generavimo plony ploksteliy serijoje metodas leidzia apeiti
kaupinimo energijos ribojima, susijusj su pluosto suirimu j daugelj Sviesos
giju. Simetoda galima taikyti pla¢iame kaupinimo bangos ilgiy diapazone
(1.3 — 1.7 um), islaikant gera pluosto kokybe, impulso koherentiskumg ir
net neslio fazés stabiluma gaubtinés atzvilgiu.

4. Parenkant tinkama netiesiskumo orientavimo perioda, PPRKTP kristale
galima iSgauti efektyviai neigiama netiesinj luzio rodiklj 1.5 um impul-
sams. Kadangi sis bangos ilgis yra kristalo normaliosios dispersijos sri-
tyje, neigiamas netiesinis luzio lemia impulso savispuda, siekiancia >6
kartus (nuo 128 fs iki < 20fs). Neigiamas netiesinis luzio rodiklis, Rama-
no sklaida ir besikeicianti dispersija lemia, jog vykstant savispudai taip
pat generuojamas kontinuumas, besitesiantis iki 2.6 um.
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5. Tinkamai optimizavus kontinuumo generacijos parametrus, jmanoma
realizuoti 2 um parametrinj stiprintuva, uzkreciama tiesiogiai kontinuu-
mu, kaupinamu Yb:KGW lazerio pirmosios harmonikos impulsais. Toks
sprendimas labai supaprastina parametrinio stiprintuvo konstrukcija.
2 um impulsus nesunkiai galima suspausti iki ~ 30fs vien tik kombi-
nuojant medziagas su teigiama ir neigiama grupiniy greiciy dispersija.

6. Taikant dvieju lygiagreéiai veikianciy parametriniy stiprintuvy sche-
ma, kurioje vienas parametrinis stiprintuvas generuoja ~ 30fs impulsus
ties 2 um, o kitas - ilgesnius, bet placioje srityje derinamus impulsus,
Yb:KGW lazeriu kaupinamoje schemoje jmanoma gana paprastai gene-
ruoti 3 um — 12 pm srityje derinamus, plataus spektro impulsus. 2 pm
kaupinimo impulsai leidzia zenkliai sumazinti grupinio grei¢iy nederini-
mo jtaka, lyginant su trumpesniy bangos ilgiy kaupinimu, ir taip pasiekti
efektyvu (kvantinis efektyvumas 15 — 30%) plataus spektro impulsy ge-
neravima gan storame (0.75mm) GaSe kristale. Naudojant §j metoda,
pademonstruota 31 fs impulsy ties 3 um generacija.
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Summary

Introduction

The creation of the laser, a source of coherent light, that is not observed in
nature, is one of the greatest achievements of modern science [1]. Although the
laser was initially labeled a "solution looking for a problem" [2, 3], applications
ranging from medicine to industry gradually appeared. New applications moti-
vated the development of the laser itself, and, conversely, better lasers allowed
one to envision ever more impressive applications, ranging as far as nuclear
fusion for production of electric energy (although the success is limited so far).

Lasers are also undeniably important in fundamental science. Even the
earliest lasers fostered the appearance of new branches of microscopy and spec-
troscopy; however, the breakthrough that steamrolled development of high
power lasers came with the technique of chirped pulse amplification (CPA),
adapted from radar technology to lasers by D. Strickland and G. Mourou [4].
Before CPA, amplification of short laser pulses to high peak powers required
extremely large optical elements. For example, the Nova laser, used for nuclear
fusion experiments, needed active elements with diameters as large as 46 cm
to reach a peak power of 10TW [5]. Understandably, at that time, high peak
power laser science was only accessible to organizations with the largest bud-
gets. The change brought by CPA was drastic: by using time as an additional
"dimension" of the aperture of the amplification optics, and utilizing broadband
gain media to produce short pulses at the final output, systems based on the
CPA technique can achieve the same 10TW peak power with active elements
as small as several mm [6]. Thus, CPA made high peak power lasers accessible
to a vastly larger number of researchers, greatly increasing both the user base
and the number of application fields.

During non-perturbative high harmonic generation, laser light can be con-
verted into coherent bursts of extreme ultraviolet (XUV) or even X-ray radia-
tion, which, in certain cases, allows table-top laser systems to replace building-
scale synchrotrons [7] or pursue research on nonlinear optical processes in the
XUV range [8]. Ultrafast lasers are also capable of accelerating electrons to
MeV-level energies; one important advantage of this technique is the inher-
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ently tight synchronization of the laser pulse and electron bunch, which in
turn allows for high time resolution in ultrafast electron diffraction experi-
ments [9]. Experiments performed with attosecond pulses reveal that electron
tunneling, previously considered an instant event, may actually occur on a fi-
nite timescale [10]. Changes of shapes of electron orbitals can be imaged using
ultrashort mid-infrared pulses with femtosecond time resolution [11]. All these
and a variety of other new and exciting applications depend on sources of high
power, ultrafast optical pulse trains. Besides the requirements for ultra-short
pulse durations, high pulse contrast, or the need to generate pulses at exotic
wavelengths, many of these applications also require high pulse repetition rates,
which allow to increase the average power of secondary sources pumped by the
lasers or increase the signal-to-noise ratio and reduce data collection time in
experiments with (often delibarate) low data yields per pulse, such as angle-
resolved photoelectron emission spectroscopy (ARPES), in which generating
more than a few electrons per shot can distort measurement results due to
space-charge effects [12].

Many of these requirements are addressed by the already mature, yet still
rapidly improving diode-pumped solid-state (DPSS) lasers based on Yb- or
Nd- ion-doped laser media. Due to the direct diode pumping and small quan-
tum defect, these lasers can achieve high efficiency (and, hence, high average
power), while also becoming ever more compact, stable and reliable [13-15].
Furthermore, these lasers are often complemented by additional setups based
on optical parametric chirped pulse amplification (OPCPA) [16]. The new
possibilities are so exciting, that this is called the new generation of femtosec-
ond technology [17]. However, while Yb-doped lasers are excellent in many
respects, they have the drawback of producing pulses with 10-20 times longer
pulse durations, as compared to the established Ti:Sapphire lasers, and this
brings challenges on its own accord. Therefore, the research in this thesis
mostly revolves around developing nonlinear optical techniques, intended to
be useful for generation of high power, few-optical-cycle, stable electric field ,
operating in different wavelength ranges, pulses in setups based on DPSS Yb-
and Nd- lasers.

Goal of the dissertation

The overarching goal of the dissertation was to identify, investigate and opti-
mize experimental setups, devices and processes, that can be useful for gen-
erating extremely short pulses in parametric chirped pulse pulse amplification
systems based on Yb:KGW and Nd:YAG lasers. As a side goal, other schemes
aimed at overcoming the limitations posed by the several hundred fs long pulse
duration of Yb:KGW lasers, were also investigated.
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Tasks

1.

Optimize a generator of passively carrier-envelope-phase (CEP) stable
pulses for best stability

. Investigate the dependance of phase-to-energy coupling coefficient on fo-

cus position in a continuum generator pumped by phase-stable 1.3 um
pulses

. Optimize a femtosecond pulse pumped preamplifier of white light contin-

uum for bandwidth and spatial homogeneity of the spectrum

. Implement an algorithm for retrieving a pulse from chirpscan measure-

ment data

. Design a chirped pulse parametric amplifier pumped with high energy pi-

cosecond pulses, including seed pulse stretching and compression scheme

. Determine optimal focusing and optical element parameters for a contin-

uum generator based on multiple thin plates

Characterize soliton self compression in a crystal with negative nonlinear
refractive index

. Design a compact optical parametric amplification setup producing sub-

50 fs pulses in the mid-infrared, when pumped with ~ 250 fs pulses from
an Yb:KGW laser

Scientific novelty

1.

It was demonstrated for the first time that a 1.5pm passively CEP stable
filament can be used as the seed for a high peak- and average- power
OPCPA system

. First characterization of the dependence of phase-to-energy coupling co-

efficient in a continuum generator pumped by 1.3 um pulses

. First demonstration of multiplate continuum generation with pump wave-

lengths longer than 800 nm.

. Angle-resolved frequency spectra and CEP stability of continuum gener-

ated in a multiplate setup were characterized for the first time

. First demonstration of soliton self compression in PPRKTP crystal to-

gether with generation of an octave-spanning 1.3 — 2.6 um continuum
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6. First demonstration of 1.8-2pm central wavelength, < 30fs pulse gen-
eration in a parametric amplifier directly seeded by long-wave wing of a
continuum generated in YAG pumped at 1030 nm

7. First demonstration of 31 — 100 fs pulses tunable from 2.5 pm to 12 um
in an optical parametric amplifier setup pumped by an Yb:KGW laser

Statements to defend

1. By combining passive carrier-envelope phase stabilization, spectral broad-
ening in solid state material, adaptive spectral phase control and non-
collinear parametric amplification, it is possible to generate almost
transform-limited few-cycle pulses with peak powers on the scale of sev-
eral TW, while the average power can reach more than 50W. Even at
such high average power, extremely good phase stability can be main-
tained (< 220mrad). As the passive carrier-envelope phase stabilization
mechanism is highly resilient to disturbances, this stability can be main-
tained over >16 hours.

2. Sectioning a solid nonlinear medium into thin plates, separated by air
spaces, allows the generation of an octave-spanning continuum with or-
derly spatial and temporal structure when using 1.3pm-1.7pm pump
pulses with peak powers exceeding critical power by factors of 100-1000.

3. Octave-spanning pulses in the 1.3pm-2.6pm wavelength range can be gen-
erated in periodically poled RKTP crystal when the pump wavelength is
selected in a regime of weak positive dispersion. The specifics of spectral
broadening are determined mostly by negative nonlinear refraction, orig-
inating from cascaded X(2) nonlinearity, which prevents filamentation,
as well as the similar group velocities of the pump pulse and spectrally
broadened long-wave wing of the spectrum.

4. Using a dual parametric amplifier setup, it is possible to convert Yb:KGW
laser radiation into two wavelength pairs which allow to exploit the group
velocity parameters of GaSe crystal to efficiently generate broadband mid-
infrared pulses. Such a scheme allows generation of mid-infrared pulses
with durations down to 31fs and bandwidths up to 700cm ™.
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OPCPA systems delivering high peak and aver-

age power pulses

This chapter is based on publications I, II, III, IV ir V.

Attosecond pulses in the XUV region are one of the driving forces of novel
and exciting science. While attosecond science is outside the scope of this chap-
ter, the quest for higher energy attosecond pulses is perhaps the main reason for
scientific community’s interest in TW-level, few cycle laser systems [27]. To be
useful in this respect, a laser system, first of all, must deliver pulses with suffi-
cient peak power, so that peak intensity on the scale of at least ~ 10'* W /cm?
can be achieved with reasonable focusing conditions. However, the require-
ments for such systems range far beyond just peak power. In applications
targeting single attosecond pulses, pulse duration and carrier-envelope phase
(CEP) control are critical. For yet other applications, such as high harmonic
generation from solid targets and particle acceleration, the temporal contrast of
the pulse is also very important. Finally, almost all applications benefit from as
high as possible average power and/or pulse repetition rate, as it helps collect
data faster. Up till now, the most widespread laser technology for such appli-
cations is Ti:Sapphire. However, due to a multitude of reasons, it is limited
to average powers on the level of 20-30W [22,89], and, while even commer-
cial Ti:Sapphire oscillators can produce pulses as short as <2 optical cycles,
amplified laser systems producing mJ-level pulses are limited to 15-20fs [88].
These limitations are not inherent to the OPCPA technique: the principle does
not rely on any fraction of light being converted into heat, and any heating of
nonlinear crystals happens only due to parasitic processes; furthermore, am-
plification bandwidth, and hence final output pulse duration, does not depend
strongly on the total gain, and the bandwidth is not necessarily reduced when
amplifying pulses to multi-mJ level.

The results presented here are all related to OPCPA systems designed
around the concept presented in Fig. 5.10. The OPCPA system consists of a
front-end based on a commercial industrial-grade femtosecond Yb:KGW laser
(Pharos, Light Conversion Ltd.), multi-channel Nd:YAG picosecond (pulse
duration &~ 90ps) pump lasers (Ekspla UAB). Between 2 and 4 high energy
OPCPA stages are used in different systems with different pump lasers. Pulses
are stretched with negative GDD using a grism pair [114] and acoustooptic
programmable dispersive filter [116]. As the stretched pulse GDD is negative,
the amplified pulses can conveniently and efficiently compressed in bulk glasses.
The final steps of pulse compression are performed with positive GDD chirped
mirrors to minimize B-integral.

At the time of publication, the system described in V set the record for
highest average power produced by any OPCPA system - 53W. However, be-
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Fig. 5.10: Schematic drawing of the OPCPA system. Osc.: oscillator; RA:
regenerative amplifier; SHG: second harmonic generator; WLG: white light
generator; fs NOPA: non-collinear optical parametric amplifier pumped by fem-
tosecond pulses; ps OPCPA: optical parametric chirped pulse amplifier pumped
by picosecond pulses; AOPDF: acousto-optic programmable dispersive filter

tween that publication the writing of this thesis, a new average power record of
88W has been set by another group [30]. However, the new system operates at
100 kHz repetition rate and, therefore, produces pulses with much lower peak

power.

Passively CEP stabilized OPCPA frontend based on
Yb:KGW laser

One of the initial tasks when designing the system was to come up with a
method to reliably generate broadband pulses with CEP stability from the
Ybh:KGW laser system. Although good results could be achieved by actively
CEP-stabilizing an Yb:KGW oscillator [53], it turned out to be rather unreli-
able in practice due to extreme requirements for mechanical stability because
the CEP stabilization system was based on coupling Yb:KGW oscillator light
into a single-mode fiber with very little margin for error. To work around
this, an alternative approach based on a cascaded continuum generation and
parametric amplifier setup, utilizing passive carrier-envelope phase stabiliza-
tion [52], was developed. The method involves generating a continuum in sap-
phire using the second harmonic of the Yb:KGW laser pulses, and amplifying
its long-wave wing to produce a CEP-stable idler in the near-infrared around
1.3 — 1.5 um. Then, this idler is used to once again generate a continuum in
another sapphire plate. At least in principle, CEP stability is preserved during
continuum generation, hence allowing the generation of ultrabroadband with
CEP stability.

To gain insight about the factors influencing the CEP stability of our sys-
tem, we measured the phase-energy coupling coefficient (PECC) in the contin-
uum generator pumped by idler pulses. The measurement was performed by
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Fig. 5.11: Dependence of phase-to-energy coupling coefficient (PECC) on fo-
cus position relative to the surface of the sapphire plate used for white light
generation. Negative values correspond to geometric focus positions before the
plate, positive values correspond to geometric focus being inside the plate

observing f—2f interference while the energy of the idler pulses was modulated
by rotating a variable neutral density filter. To decouple from any CEP noise
sources, a stepper motor was used to rotate the filter in a sinusoidal manner at
~ 2Hz. Numerical spectral filtering was then used to isolate the CEP varia-
tion resulting from energy modulation. The measured PECC values generally
agree quite well with those reported by Marceau et al [62]. Variation of PECC
with wavelength was insignificant in the range from 1.2 pm to 1.4 um, and
the measured phase shift was approximately 400mrad per 1% energy change.
However, an important dependence of PECC on focus position was noticed.
Measurement results of this dependence on focus position are shown in Fig.
5.11.

It is seen that phase-to-energy coupling is highest when the geometrical
focus is before the sapphire plate. This focus position corresponds to the highest
brightness of the continuum, as estimated visually, but, unfortunately, cannot
be used in to produce CEP-stable pulses due to the extreme phase sensitivity
to pump energy. Conversely, the minimum value of phase to energy coupling
corresponds to a continuum with a low intensity, and this is not useful either.
Ultimately, a focus position around 1mm inside the sapphire is chosen as a
compromise between phase stability and spectral shape of the continuum.

Short-term CEP stability of the continuum achieved with the optimized
setup is shown in Fig. 5.12. A CEP noise of 67mrad is recorded over a period
of 2 minutes. Although this is a rather short timescale, it is the most crucial
part of the CEP stabilization. Longer term drifts can be easily compensated
by various mechanisms, which are a lot easier to implement than active CEP
stabilization of an oscillator.

The CEP-stable continuum is amplified in a two-stage non-collinear para-
metric amplifier pumped with a total of 400 uJ of 515 nm radiation. Ampli-
fied pulse energies exceeding 70 uJ are achieved while maintaining amplified
bandwidth sufficient for < 5fs pulses (Fig. 5.13a) ), good homogeneity of the
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Fig. 5.12: Measurement of CEP stability of the developed OPCPA frontend.
(a) measured f — 2f interferogram (b) calculated change of CEP values

spectrum across the beam (Fig. 5.13b) ), and nearly-Gaussian beam profile
(5.13¢c) ).
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Fig. 5.13: Parameters of the OPCPA frontend. (a) Amplified spectrum at 70 nJ
output energy. The transform limit is 4.9 fs (b) Measurement of spatial homo-
geneity of the spectrum after 3 meters of propagation. The white line shows
the centers of mass for each wavelength component. Notably, the distribution
of mass centers is considerably narrower than the beam diameter (c) Frontend
beam profile

OPCPA systems

Stretched seed pulses are amplified in non-collinear OPCPA stages based on
BBO crystals. Although several similar systems were built and investigated
along the course of the work, to avoid confusion, the summarized parameters
are all taken from the latest system which achieved the highest average power
and pulse energy of all attempts (publication V). In this case, 4 amplification
stages were used, and, after the final amplification stage, signal energies up to
67 mJ are measured, while bandwidth sufficient for < 9fs pulses is maintained.
The pump beams for all picosecond stages are relay imaged from the pump
laser, ensuring excellent long-term stability and uniform beam profiles. The
parameters of the crystals and pulses in each of the picosecond amplification
stages are given in Table 5.2.
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Table 5.2: Parameters of the picosecond amplification stages

Stage Epump Ipump Esignal J(Esignal) lcrystal Np—s
[mJ] [GW/cm?] [mJ] (%] [mm] (%]

Seed - - 0.001 0.2 - -

1 5 6 0.22 2.2 6 3.98

2 54 4 7.5 0.9 6 13.5

3 102 3 33.8 0.8 4 25.7

4 67.5 0.75 2.5 24.6
138 3

4* 53.7 0.5 4 14.4

The energy conversion efficiency in the first two stages is low due mostly
because they are pumped by flat-top pump pulses (generated from residual
1064 nm light after the two final pump beams are generated), which are about
2 times longer than the seed pulse, which is stretched to match the shorter
duration of the pulses in the final amplification stages. Furthermore, the first
stage is deliberately kept unsaturated to minimize parametric fluorescence.
The power amplifier stages are strongly saturated and show pump-to-signal
conversion 7,_s ~ 25%. 2.5mm and 4mm crystals were tested for the final
amplification stage. Due to the high seed energy, gain saturation is easily
reached even with the modest pump intensity I, ~ 3 GW /cm? and relatively
thin 2.5mm crystal. With the 4mm crystal, the efficiency is substantially
degraded due to strong back-conversion. However, this improves the energy
stability o(F*9") which may be a desirable trade-off in some cases. The
stability values given in the table are the standard deviation (STD) of pulse
energies sampled over 2 seconds (2000 shots). It is notable that even though
there is strong back-conversion of energy from the signal to the pump with the
longer crystal, the beam profiles obtained in the two cases were very similar.
This is attributed to the highly uniform top-hat profiles of both signal and pump
beams. The transmission of the compressor based mostly on bulk materials and
chirped mirrors is about 80%, resulting in compressed output pulse energies
above 53 mJ.

The final parameters of OPCPA output pulses are shown in Fig. 5.14.
Figure 5.14(a) shows a temporal pulse profile measured with a self-referenced
spectral interferometry (SRSI) device (Wizzler USP, Fastlite), and the corre-
sponding pulse spectrum. The envelope is virtually indistinguishable from the
transform limited one. Roughly 3-cycle pulse durations were also confirmed
with other pulse characterization methods (chirpscan [30] and autocorrelation).
We note that achieving this <8 fs pulse duration typically requires careful op-
timization of the all parameters of the picosecond parametric amplification
stages. As shown later, the typical pulse duration achieved without special ef-
fort is <9 fs. The spectrum produced by the femtosecond frontend is also shown
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for comparison in Fig. 5.14(b). An exceptional feature of our system is the high
output pulse contrast. A temporal contrast measurement, performed with a
high dynamic range third order autocorrelator (Tundra, UltrafastInnovations),
is given in Fig. 5.14(c). The measured pre-pulse contrast in the <-20 ps delay
range is higher than 1011, limited by the dynamic range of the autocorrelator.
Several factors allow for such contrast. First, the seed pulse in our system is
derived from a white light continuum (WLC) pumped at 1.5 pm. We use strong
spectral filtering of the 1.5 pm pulse to remove any parasitic radiation before
WLC generation. Although this does not attenuate parametric fluorescence at
the difference frequency wavelength, any noise at this wavelength is well out-
side the transmission band of the stretcher. Therefore, the continuum pulse is
background-free. Although some parametric fluorescence is generated in the
femtosecond preamplifier, it is contained within a &~ 250 fs temporal window
defined by the Yb:KGW laser pulse duration, and therefore does not degrade
the temporal contrast on the picosecond timescale. Meanwhile, the seed en-
ergy reaching the first picosecond stage is > 1 pJ, which is orders of magnitude
higher than the energy available from Ti:sapphire oscillators, commonly used
to seed OPCPA systems. Also favorable is the tendency of Nd:YAG ampli-
fiers to form a steep leading pulse edge, enabling us to delay the pump pulses
in a way that maximizes the pre-pulse contrast without losing output energy
nor bandwidth. We emphasize that this contrast is achieved without nonlinear
pulse cleaning after the amplification stages. We also note that, although the
autocorrelator is specially adapted for broadband pulses, the acceptance band-
width of the nonlinear crystals used in the autocorrelator is still too narrow for
our system. Therefore, the intensity of the main peak is underestimated, and
the actual contrast values could be still higher by a factor of ~ 4. An output
beam profile, measured after the bulk compressor, is given in Fig. 5.14(d). The
signal beam inherits the top-hat shape of the pump beams, with low,intensity
modulation (on the order of several percent in the flat-top area of the beam).
The focusability of the OPCPA beam is evaluated by computing the far-field
beam profile from the beam intensity distribution and wavefront data measured
with a Shack-Hartmann sensor (HASO3-128, Tmagine Optic SA). Although a
Strehl ratio ~ 0.9 was measured directly after the final amplification stage (be-
fore beam expansion and pulse compression), a deformable mirror was required
to maintain good output focusability due to imperfections of the magnifying
telescope and compressor glasses. With the deformable mirror, residual RMS
wavefront error of < A/17 and Strehl ratio S = 0.89 are achieved (Fig. ?7?(e)-
(f)). The faint ring around the main peak in Fig. 5.14(f) is an unavoidable
consequence of the top-hat beam profile, however, it only contains a few percent
of the total energy.

Finally, it is shown that the parameters of the OPCPA can be maintained
stable for a long time, sufficient to run experiments with long data collection

127



times. An example 16-hour measurement is shown in Fig. 5.15

As seen in Fig. 5.15, pulse energy noise below 1% and sub-220 mrad CEP
jitter were maintained throughout the test. This is strongly facilitated by
the compact and robust architecture of the seed source. However, it must be
pointed out that feedback loops had to be implemented to correct for slow
drifts of beam pointing, CEP and temporal drift between the frontend and the
high energy pump laser.

In conclusion, the developed OPCPA system is capable of consistently de-
livering sub-9fs (= 3 optical cycles), 53.8 mJ near-IR pulses at a repetition rate
of 1kHz, corresponding to > 53W average and 5.5TW peak power. Due to
the advanced design of the system, this several-TW peak power and high av-
erage power could be achieved while maintaining excellent temporal contrast
and 200mrad CEP stability through multiple hours of operation.

High energy continuum generation in an array
of thin plates pumped by tunable 1.3pm-1.7pm
femtosecond pulses

This chapter is based on results published in VI.

Ever since the first observation in 1970 [132], supercontinuum generation has
attracted significant research interest both due to its wide applicability and due
to the richness of the physical processes involved [104,134]. However, although
much effort has been directed to understanding and control of the continuum
generation in bulk media, it was evident that spatially and temporally coherent
continua could only be generated with input pulse peak powers on the order
of several critical powers for self-focusing, P... For femtosecond pulses, this
means that the input pulse energy is in the pJ level, as above such energies the
spatiotemporal coherence of the generated continuum is lost due to multiple
pulse splitting and /or modulation instability [134,194]. Once the residual pump
energy is filtered out, this results in continuum pulse energies on the order
of nanojoules [103]. Recently, a novel method for continuum generation was
demonstrated [149,150]. The method involves using several properly separated
thin transparent plates instead of one continuous block of material to generate
the continuum. The method was initially demonstrated using a Ti:Sapphire
laser and pump energy on the scale of 100 pJ. In this chapter we investigated
the applicability of the multiplate continuum generation method to =~ 60 fs
pulses in the wavelength range spanning 1.3 pm to 1.7 pm and energies around
350 wJ.

The experimental setup is schematically depicted in Fig. 5.16. Tunable
infrared pulses from an optical parametric amplifier are gently focused into
an array of plates made of sapphire or fused silica. After attenuation of the
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beam via reflection from uncoated glass wedges, the frequency-resolved angular
spectrum is measured in the focal plane of a spherical mirror with a fiber

mounted on a motorized translation stage.

On-axis spectra of spectrally broadened pulses, measured with varying num-
bers of plates, are shown in Fig. 5.17. It was found that, given the focusing
conditions and target pump energy of 350 wJ, plate thickness of 200 pm was
optimal and that using sapphire or silica plates resulted in virtually identi-
cal spectral broadening. The distances between the plates were chosen ex-
perimentally, trying to maximize the spectral broadening in each plate while
avoiding optical damage, beam breakup or disorderly modulation of the spec-
trum. It is seen that the spectral broadening is gradual and symmetric in
the first 3-4 plates (driven mostly by self-phase modulation and spatiotempo-
ral self-focusing), while one of the later plates provides a sudden boost to the
shortwave wing of the spectrum, which is attributable to self-steepening.

Angle-resolved spectral measurements shown in Fig. 5.18, taken with dif-
ferent pump wavelengths, provide further proof of spatial coherence of the
continuum, despite pump powers exceeding P.. my more than two orders of
magnitude. Integration of the spectral-angular distribution confirms that most
of the energy - 65 + 7% is contained within the central angular interval of
+3mrad, which corresponds to the central part of the beam. Therefore, with
tolerable losses, a nearly single-mode beam could be obtained by spatially fil-
tering the continuum. Interestingly, fish-tail-like structures, akin to those ob-
served in continuum generation in continuous nonlinear media [162], are also
seen near the short-wave edge of the spectrum.

On-axis pulse profiles of the continuum were measured using the XFROG
technique. Results for three pump wavelengths are shown in Fig. 5.19. When
the dispersion of air that the pulses pass through on the way to the measure-
ment is taken into account and numerically subtracted, it can be seen that in
all cases the continuum pulses are split into two. The trailing pulses mostly
carry frequencies higher than the initial pump pulse, and the leading pulses
carry lower frequencies. Taken separately, the spectral phases of these pulses
are nearly quadratic, and could in principle be compensated to compress the
sub-pulses to few-cycle durations.

Finally, we performed the first test of carrier-envelope phase stability test
of the multi-plate continuum. CEP drift was measured in parallel in the multi-
plate continuum and a separate conventional white-light generator. Results
shown in Fig. 5.20. It is seen that the changes of the CEP of the driving pulses
are reflected almost identically in the two measurements. This proves that sta-
bility of the carrier-envelope phase is preserved in the multi-plate continuum
generation process, once again pointing towards the process being very deter-
ministic in nature. This was further confirmed by measurements of shot-to-shot
energy stability of different spectral regions, which revealed energy fluctuations
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Fig. 5.16: Experimental setup for continuum generation in multiple thin plates
and characterization of its spectral-angular distribution
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Fig. 5.17: Continuum spectra measured with different numbers of plates with
different pump wavelengths A,. a) A\, =1.2um b) A, =1.3umc) A, = 1.4 um
d) A\p = 1.5um e) A\, = L.7um. Pump energy was 350 uJ in all cases, except
a), where pump energy was 320 pJ.
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Fig. 5.18: a)-e) Spectral-angular distributions of continua generated in mul-
tiple thin plates with different pump wavelengths; f) spectral energy densities
integrated within £3mrad. The side panels show the integrated beam profiles
of the continua, compared to the pump beam far-field profiles
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Fig. 5.19: XFROG results for continua pumped at three different wavelengths.
a—c Retrieved spectra and spectral phases; integrated spectra from frequency-
resolved angular spectrum measurements (Fig. 5.18f)) are also shown for com-
parison; d—f spectrograms calculated for the measured pulses; g—i spectrograms
calculated taking into account the dispersion of air; j—1 pulse profiles retrieved
from XFROG and after subtraction of dispersion of air (see text)
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Fig. 5.20: Parallel CEP measurement of the pump and high-energy continuum
pulses. a) Conventional f — 2f interferogram of the pump pulses. b) f —2f
interferogram of the multi-plate continuum. c¢) Changes of the carrier-envelope
phase ¢c g, as extracted from the interferograms. d) Power spectral density of
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Overall, the investigation into multiplate continuum generation revealed
that the method can successfully be applied to pulses at 1.3 pm-1.7 um, gen-
erating more-than-octave spanning continua with high energy, orderly spatial
and temporal structure, and stability comparable to that of continua generated
in continuous media.

Soliton self-compression of 1.5pm pulses in a
RKTP crystal with periodically oriented nonlin-
earity
This section is based on results published in VII.

It is known that in crystals with x(®) nonlinearity, certain phase mismatch
values can be found for second harmonic generation which result in the x(?

nonlinearity effectively acting as a x(®) nonlinearity [166,167]. One of the key
features of this technique is that, by proper choice of phase mismatch, the cas-
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caded x nonlinearity can have negative values large enough to compensate
the intrinsic positive x(3) nonlinearity of the crystal, resulting in an effectively
negative total x® nonlinearity. As intense pulsed beams propagate through
materials with negative effective x(® nonlinearity, they are nonlinearly self-
defocused in the spatial dimensions, while in the temporal domain they still ex-
perience self-phase modulation. This is seen as a promising method of spectral
broadening and nonlinear pulse compression in solid media [168]. The method
can be particularly powerful when used with periodically poled (PP) feroelec-
tric crystals such as lithium niobate, as this method allows for engineering the
phase mismatch to provide for optimal pulse compression performance [170].
As the self-defocusing nonlinearity prevents filamentation, pulse-compression
setups based on this technique are particularly interesting because of the pos-
sibilities of scaling pulse compression to pulses with peak powers well above
P, [171].

We investigated this approach in a material previously not tested for this
application, rubidium-doped potassium titanyl-phosphate (RKTP, [172]). The
crystal was periodically poled with a period of A = 36 um. This period provided
large phase mismatch at the design pump wavelength of 1.58 pm, resulting in
strong defocusing nonlinearity for the pump wavelength and phase-matched
second harmonic generation near the RKTP zero dispersion wavelength of =
2 um.

Pulse compression was investigated in an experiment schematically depicted
in Fig. 5.21. The specially engineered RKTP crystal is pumped by 1.5 pm,
100 fs, 3 wJ pulses from an OPA pumped by an Yb:KGW laser. The resulting
pulses were measured by the XFROG method, using second harmonic of the
pump pulses as a reference pulse.

10 pm BBO
Yb:KGW
fs laser =0 khz
=
S
1 4 | 760 nm g
BBO P 7 =
Short pass S
f=200 mm filter ‘é R=-500ThmM
11520 nm | 4 B 1 by 3
- | 128fs & K 4w 1\\\‘ |
A2 A2 PPRKTP  Long pass

filter

Fig. 5.21: Experimental setup for generation and characterization of continuum
in PPRKTP

A typical temporal profile and spectrum reconstructed from SFG-XFROG
measurements are shown in Fig. 5.22, along with results from numerical sim-
ulations performed using actual measured pump pulse parameters. It is seen
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that the main pulse is self-compressed from 100fs to 18.6fs. This pulse con-
tains the part of the spectrum around the main peak seen in Fig. 5.22. The
relatively flat long-wave shoulder of the spectrum is concentrated in the trailing
dispersive wave. The spectrum retrieved from XFROG measurement matches
the simulated spectrum very closely, except for the short-wave part (< 1 pum),
which was cut by a long-pass filter in the experiment in order to avoid contam-
ination of the sum frequency signal by the visible part of the continuum, which
had very disorderly spectral structure and should be filtered out before using
the pulse any applications anyway.
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Fig. 5.22: Comparison of measured and simulated temporal (a) and spectral
(b) profiles of the continuum generated in PPRKTP

In conclusion, it was demonstrated that PPRKTP can be successfully used
for pulse compression. As the process utilizes self-defocusing nonlinearity, this
method could be scaled to generate high energy, sub-20fs pulses at around
1.5 um using PPRKTP crystals with larger apertures (apertures up to 5mm
are possible [173]).

Generation of broadband, broadly tunable mid-
infrared pulses in a setup based on an Yb:KGW
laser

This chapter is not based on a paper.

The mid-infrared (MIR) wavelength range, commonly defined as including
wavelengths from 2 um (5000 cm 1) and 20 pm (500 cm™1), is of great scientific
and technological interest as many molecules exhibit fundamental vibrational
frequencies in this range [195]. However, due to technical difficulties associated
with operating in this wavelength range, sources operating in the mid-infrared
are still an active research area. Applications such as sum frequency generation
spectroscopy typically relied on Ti:Sapphire based laser systems equipped with
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parametric amplifiers and difference frequency generation stages to produce
mid-infrared pulses for experiments [196]. Many of such applications can benefit
from the high average powers and pulse repetition rates offered by Yb-based
laser systems, but, due to the much narrower inherent linewidth of Yb-based
lasers, compared to Ti:Sapphire, difference-frequency sources using the same
methods as for Ti:Sapphire lasers produce pulses with correspondingly narrower
bandwidths in the MIR [181].

In an effort to create a system that could exploit the advantages of Yb-
based laser systems while avoiding the drawbacks, a broadband mid-infrared
pulse generation setup based on an Yb:KGW amplifier was developed. The
setup consists of two parallel parametric amplifiers and a difference-frequency
stage based on gallium selenide (GaSe) crystal. Taking notion of the fact that,
in order to obtain a broad DFG spectrum, it is sufficient that only one of the
interacting pulses is broadband, the task of generating tunable, broadband mid-
infrared pulses was effectively divided into two parts. As shown in Fig. 5.23,
the laser beam is split to pump two parametric amplifiers. The larger part of
the energy is used to a parametric amplifier using near-degenerate Type-I OPA
interaction in BBO crystals. Due to the broad bandwidth achievable in near-
degenerate Type-I parametric amplification, this channel can be configured to
produce rather short pulses, acting as "DFG pump" pulses. The other para-
metric amplifier, based on KTA crystals, produces narrowband pulses tunable
from ~ 2 um to 4 um. As shown in Fig. 5.23, both the DFG and the ampli-
fied DFG seed outputs are available, therefore, with this tuning range of the
narrowband channel, it is possible to continuously cover mid-infrared coverage
from < 2.5 um to > 10 um.

14004 B
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bes-(liaos%?d wavelength
1030nm broadband

~200fs NOPA DFG pump
10kHz 2ym

~30fs

l170pj (on GaSe) Difference

Tunable frequency

narrowband
OPA — 3 —
DFG seed™ DFG | Amplified
2-4um 0.75mm GaSe!
~200fs  tecemeo ] i
3-10p)

Fig. 5.23: Experimental setup

X-FROG measurement of pulse from the "DFG pump" channel is shown
in Fig. 5.24. Due to the simple pulse compression scheme, based on just bulk
materials (ZnSe for positive dispersion and fused silica for negative dispersion),
residual third order dispersion results in a side pulse. However, the pulse is
still short, with a duration of just 22 fs.
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The short pulse acts as a gate pulse in the DFG, and the resulting DFG
pulses become short was well, with the shortening limited by the group velocity
mismatch in the DFG crystal, rather than the much longer duration of the seed
pulse. An X-FROG measurement of an amplified DFG seed pulse at 3.39 pm is
shown in Fig. 5.25. The temporal profile of the short pump pulse is imprinted
on the seed pulse, reducing the FWHM pulse duration to sub-3 optical cycles.
A slight tail, which is actually an unamplified part of the initial seed pulse, can
be seen in Fig. 5.25a).
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Fig. 5.25: X-FROG measurement of an amplified DFG seed pulse. (a) tem-
poral profile (b) spectrum and spectral phase (c¢) measured X-FROG trace (d)
retrieved X-FROG trace
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As XFROG measurements become increasingly difficult at wavelengths
above 3 pm, pulses at longer wavelengths are characterized only by their spec-
tra, measured with a scanning monochromator equipped with an MCT de-
tector. A selection of spectra measured at the DFG output is shown in Fig.
, alongside their corresponding pulse energies and FWHM bandwidths. It is
seen that the setup can produce pulses with bandwidths from ~ 200 cm™! up
to > 500 cm~!. The total conversion efficiency ranges from 1.4% at 3.2 um to
0.3% at 11.6 pm.
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Fig. 5.26: Characterization of DFG output. (a) Normalized spectra at selected
wavelengths. Central wavelengths and FWHM bandwidths are indicated in the
legend (b) Variation of pulse energy and bandwidth with central wavelength

Overall, the developed setup bridges the parameter gap between
Ti:Sapphire-based OPA+DFG systems and Yb-based systems. As the pump
laser operates at 10 kHz, the setup provides DFG output in the range of several
tens to several hundred milliwatts.
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Conclusions

1. In order to achieve good stability in CEP stabilized pulse generation
schemes relying on difference frequency generation followed by contin-
uum generation, it is necessary to reach appropriate saturation of am-
plification stages in order to attain sufficiently good shot-to-shot energy
stability of the continuum pump pulses and take into account the mech-
anisms of phase-to-energy coupling in the continuum generator. Using
this approach and a highly stable (energy noise <0.1% RMS) Yb:KGW
laser, it was possible to produce octave-spanning continuum pulses with
short-term CEP stability better than 100mrad, which is better than the
stability achievable by actively stabilizing Yb:KGW oscillators. The pas-
sive CEP stabilization scheme is also much less sensitive to changing envi-
ronmental conditions because it avoids the need to couple weak oscillator
pulses into a single-mode fiber.

2. Using ultra-broadband seed light from a continuum pumped by ~ 1.3 pm
pulses, it is possible to efficiently amplify pulses with bandwidths sup-
porting sub-5 fs pulses in a non-collinear parametric amplifier pumped by
second harmonic of an Yb:KGW laser. Compared to using seed light ob-
tained from continuum generated directly with the Yb:KGW laser funda-
mental radiation, this method allows for broader bandwidth, potentially
resulting in shorter pulses.

3. The method of generating a continuum in an array of thin plates allows
one to circumvent the pulse energy limitations posed by beam breakup
to multiple filaments in a continuous nonlinear medium. This method
can be successfully applied to pulses in the wavelength range of 1.3 um to
1.7 um for generation of octave-spanning pulses with good beam quality,
pulse coherence, and carrier-envelope phase stability.

4. Upon choosing an appropriate poling period, negative effective nonlinear
refractive index for 1.5 um pulses can be created in PPRKTP crystal.
The combination of positive dispersion and negative nonlinear refractive
index allows for higher than six-fold compression of the pump pulses
(128 fs to < 20fs), while also producing an infrared continuum extending
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to 2.6 um. The specific character of spectral broadening in this crystal
is a result of the combination of dispersion and nonlinearity, as well as
Raman scattering.

. Broadband non-collinear parametric amplification stages at 2 um can be
efficiently seeded by continuum generated in YAG pumped by pulses
from femtosecond Yb:KGW lasers. This solution simplifies the design
of the parametric amplification setup. To compress the amplified pulses
at &~ 2um can be compressed to pulse durations as short as = 30fs,
it is sufficient to use bulk material windows with negative or positive
dispersion.

. Broadband infrared pulses, tunable through 3—11.6 um, can be produced
by mixing pulses from two parallel parametric amplifiers, one producing
~ 30fs pulses at a fixed wavelength of 2 um, the other producing longer
(=~ 150fs), but tunable (2pum to 4 um) pulses. Using pulses centered
around 2 pm to pump a GaSe crystal for DFG results in a comparatively
small group velocity mismatch between all interacting pulses, allowing the
use of relatively thick (0.75 mm) crystals that allow for efficient (quantum
efficiency 15—30%) energy conversion, while maintaining short signal and
idler pulse durations (as short as 31fs at 3 pm).
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Abstract:  We present a compact TW-class OPCPA system operating at
800 nm. Broadband seed pulses are generated and pre-amplified to 25 uJ in
a white light continuum seeded femtosecond NOPA. Amplification of the
seed pulses to 35 mJ at a repetition rate of 10 Hz and compression to 9 fs is
demonstrated.

© 2014 Optical Society of America
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1. Introduction

Optical parametric chirped pulse amplification (OPCPA) [1] is a well established method to
produce high-energy, sub-10 fs pulses. Generation of multimilijoule sub-10 fs pulses around
800 nm has already been demonstrated in OPCPA systems pumped by picosecond Nd:YAG
[2,3] and Ti:sapphire lasers [4]. In the majority of works devoted to the development of few-
cycle OPCPA systems, the main source of the broadband seed for the parametric amplification
in vicinity of 800 nm was the output of a broadband mode-locked Ti:sapphire oscillator [5].
In this case the output of picosecond parametric amplifiers often exhibits a substantial uncom-
pressible amplified parametric fluorescence (APF) background due to small seed energy. The
scaling of the seed energy by employment of the Ti:sapphire amplifier in combination with the
noble gas-filled hollow core fiber [3] has led to a significant improvement in the output pulse
contrast reducing APF caused background level down to 10710 [6]. However, this technique
does not eliminate temporal pedestal consisting of amplified spontaneous emission (ASE) com-
ing from the Ti:sapphire frontend that is amplified within temporal window of OPCPA pump.
A source of broadband and ASE-free seed pulses around 800 nm is a white light continuum
(WLC) generated in a bulk materials by femtosecond pulses of OPAs operated at longer wave-
lengths [7] or ytterbium-doped laser systems, which automatically provides the possibility to
perform seed generation and amplification in a femtosecond non-collinear optical paramet-
ric amplifier (NOPA) [8-10]. Employment of femtosecond pump pulses in the initial OPCPA
stages is advantageous, since thinner crystals and narrower pump beams can be used, implying
an increased amplification bandwidth [11] and a reduced level of APF which is proportional
to the pump beam area [12]. It is also important to point out that the recompressed APF re-
sides within the time window defined by the duration of the femtosecond pump pulse, since the
contribution of APF arising in the subsequent picosecond amplifications stages is practically
negligible.

Nd:YAG lasers are front-rank sources of picosecond pump pulses for high energy OPCPA
systems. However, if they are used in the systems based on Ti:sapphire front-ends, the synchro-
nization between the seed and pump pulses becomes cumbersome and is realized by generation
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of an optical soliton at 1064 nm in a photonic crystal fiber [13] or implementation of an ad-
ditional phase-locked oscillator [2]. When a femtosecond Yb laser is used for broadband seed
generation, all-optical synchronization is straightforward because of a partial overlap of the Yb
and Nd:YAG spectral lines [14].

Here we present a sub-10 fs TW-class OPCPA system operating at 10 Hz repetition rate
and consisting of multiple parametric amplification stages driven by femtosecond ytterbium
and picosecond neodymium pump sources. WLC seeded femtosecond NOPA provides 25 uJ
energy in a broadband seed pulses. Amplification of these pulses up to 35 mJ in Nd: YAG laser
pumped OPCPA and pulse compression down to 9 fs is demonstrated.

2. The OPCPA setup

The setup of our OPCPA system is outlined schematically in Fig. 1. The system can be concep-
tually divided into a non-collinear optical parametric pre-amplifier of white light continuum,
pumped by femtosecond pulses (fs NOPA), and a high energy picosecond parametric amplifier.

Gaussian

Yb:KGW

oscillator Flat top 180 mJ

Flash lamp pumped
Nd:YAG power amplifier

15mJ
Stretcher/Compr.
Yb:KGW
- 25 uJ i 0.25 uJ
reg. amplifier WLG |[ ~10nJ W/ aoppE || Grism uJ ~500 uJ 35 mJ
stretcher
SHG i compressor
Femtosecond NOPA Picosecond OPCPA

9fs cm

Fig. 1. Layout of the OPCPA system. WLG, white light continuum generation; SHG,
second harmonic generation; AOPDF, acoustooptic programmable dispersive filter; CM,
chirped mirrors.

The front end is based on a solid-state Kerr lens mode-locked Yb:KGW oscillator, which de-
livers 7 nJ, 80 fs pulses at 1030 nm. Most of the oscillator output is sent through a transmission
grating stretcher and then used to seed an Yb:KGW regenerative amplifier (Light Conversion
Ltd.), delivering up to 1 mJ pulses at 1 kHz. Also, using a polarizing spectrum splitter, a frac-
tion of the oscillator pulse energy (12 pJ within 0.6 nm bandwidth at 1064 nm) is delivered to a
Nd:YAG regenerative amplifier. Thus, by seeding the two amplifiers from one master oscillator,
we realize an all-optical synchronization of the seed and pump pulses.

The fs pre-amplifier used in our current setup differs somewhat from the previously reported
by our group [9]. The compressor of the Yb:KGW regenerative amplifier is detuned slightly to
deliver down-chirped pulses of ~450 fs at full width half-maximum (FWHM). A few percent
of the amplifier output are compressed in a 4 cm ZnSe rod and focused into a 4 mm sapphire
plate to generate a smooth white light continuum (see Fig. 2(a)). The main portion of the am-
plifier pulse was frequency doubled in a 0.7 mm thick BBO crystal and then used to pump the
two stages of the fs NOPA. Using chirped pump pulses in the fs NOPA allows us to match
the durations of the seed and the pump without any dispersion management of the white light
continuum, thus minimizing the losses and making the system simpler and more compact. Para-
metric amplification is carried out in Type-I BBO crystals at a non-collinearity angle o ~ 2.5°
and phase matching angle 6 ~ 24.6°. In order to minimize the parametric superfluorescence,
the first femtosecond NOPA stage is operated in a low-gain regime, keeping the pump inten-
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sity ~3 times below the saturation level. The continuum pulses are amplified from ~10 nJ to
0.6 uJ by using 15 pJ pump pulses. The seed and pump beams were both focused to a spot size
FWHM of ~140 um onto 2.5 mm BBO crystal. The second stage (1.8 mm BBO long, beam
diametrer 1 mm) are pumped by pulses of 300 pJ and increases the signal energy up to 25 uJ,
while the spectrum (see Fig. 2(a)) corresponds to a Fourier-limited pulse duration of ~6.7 fs.
The amplified seed pulses are sent to a compact stretcher (discussed in more detail in Section
3) and then to the picosecond amplification stages.

Pump pulses for ps parametric amplifiers was produced by Nd:YAG amplification system
(EKSPLA Ltd.) comprising of regenerative and linear amplification stages (for details see [15]).
A two-stage cascaded second harmonic (SH) generation scheme was used for conversion of
380 mJ of the fundamental Nd:YAG harmonic (FH) pulse into two SH pulses with different
temporal shapes. After the first SHG crystal (DKDP type I, 10 mm long), SH pulses with a
nearly Gaussian envelope (70 ps FWHM) were generated with 50% efficiency. In the second
SHG stage (DKDP type I, 20 mm long) the remainder of the FH pulse was used for generation
of a flat-top SH pulse [16]. In this paper we present for the first time the application of this tech-
nique in the OPCPA system providing an efficient use of the pump and a favorable conditions
for mitigation of the spectral gain narrowing in the high-gain stages of the OPCPA. The shapes
of picosecond pump pulses measured by the cross-correlation technique using femtosecond
pulses from the Yb:KGW laser as a probe are presented in Fig. 2(b,c).

—— White light continuum |~ 3 03](P)
1 fs NOPA output % 02
(a) = OPCPA output_ ‘é 01
N Q
;_0.8 2 o0
S “100 0 100
208 Time (ps)
(72}
B0 3 4/
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>
021y 3%10° gos
]
0 N = 0
500 600 700 800 900 1000 -100 0 100
Wavelength (nm) Time (ps)

Fig. 2. (a) White light continuum (blue curve) and the spectra after amplification in fs
NOPA (green curve) and in OPCPA (red curve). Temporal profiles of the pump pulses used
in the first (b) and the second (c) picosecond OPCPA stages.

Both picosecond OPCPA stages are based on 5 mm long BBO crystals. The first stage,
pumped with 15 mJ, 100 ps flat-top pulses focused to a spot of 0.8 mm diameter (FWHM),
amplifies the seed pulses to 0.5 mJ. Next, the signal beam is expanded to a diameter of 8§ mm
(FWHM) to match main pump beam and amplified to 35 mJ in the second OPCPA stage. This
stage is operated at low gain and strong saturation to avoid narrowing the signal spectrum. A
typical OPCPA output spectrum is shown in Fig. 2(a) (red curve). Wavelengths above 970 nm
have undesirable spectral phase modulation, caused by a filter inserted after the WLC generator
to block the 1030 nm pump pulses. Therefore, these wavelengths are intentionally filtered out
in the grisms. The asymmetry of the spectrum results from the slight asymmetry of the pump
pulse in the last OPCPA stage and from the dispersion of the stretcher, since in our case, the
shorter wavelengths are more dispersed in time as compared to longer ones, and thus interact
with more pump energy per unit spectral interval.

In oder to inspect the level of amplified superfluorescence, we have measured the OPCPA
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output energy while the white light continuum was blocked. We found that this energy is mostly
determined by the pump intensity in the first amplification stage of the fs NOPA and was lower
than 10 uJ (<0.03% of the amplified signal energy) under normal operating conditions.

Although the initial profile of the signal beam is nearly Gaussian, the signal adopts the top-hat
shape of the pump beam due to the saturation in the last OPCPA stage. The profiles of the pump
and amplified signal beams in the last OPCPA stage are shown in Fig. 3(a, b). The beam profiles
at various parts of the signal spectrum were determined by inserting narrow-band filters into the
beam path (see Fig. 3(c)). Although some variations in the beam profiles are visible, no evident
spatial chirp was detected. The focusability of the output beam was evaluated by measuring its
intensity distribution in the focal plane of a f=1 m concave mirror. The focused beam is close
to Gaussian and does not exhibit any significant ring structures (see Fig. 3(d)). The spot size is
only ~1.2 times larger than that calculated for an ideal 3rd-order super-Gaussian beam under
equivalent conditions.

(a) (¢) 740nm  807nm  887nm 960 nm @

QaQaa

X profile (FWHM = 121 um) Y profile (FWHM = 147 um)
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Fig. 3. Beam profiles of the pump (a) and amplified signal (b) at the last amplification stage.
(c) Beam profile at various parts of the spectrum. (d) Signal beam shape (log scale) in the
waist when focused by a concave mirror (f=1 m).

3. Pulse stretching and compression

In our system, we employ the down-chirped pulse amplification technique. The stretching mod-
ule consists of an acoustooptic programmable dispersive filter (AOPDF) with a 45 mm-long
TeO; crystal (Dazzler, Fastlite), followed by a home-built grism stretcher for flexible disper-
sion control [17]. The stretcher is composed of SF-10 prisms with an apex angle of 19 degrees
and reflective gratings with a groove density of 300 grooves/mm. At the exit of the stretcher,
the seed pulses have a duration of ~50 ps. The achievable duration of the stretched seed pulses
was limited by the aperture of our grisms. However, it would be desirable to stretch the seed
pulses more in order to match the ~100 ps flat-top pump pulses better.

The compressor consists of several rods of H-ZF52A glass (SF-57 equivalent), adding up to
a total length of 420 mm, and a 100 mm of fused silica (FS). The final stage of the compression
is performed by 6 bounces from the chirped mirrors (Optida Ltd.) with a group delay dispersion
(GDD) of approximately +50 fs>/bounce. Due to the small aperture of the H-ZF57A glass rods
available in our laboratory, the OPCPA output was attenuated to 50 pJ before being sent to the
compressor, thus avoiding nonlinear propagation effects.

The compressed pulses were characterized simultaneously by chirpscan [18], utilizing the
AOPDF in the stretcher, and Frequency Resolved Optical Gating (FROG) [19]. The apparatus
we have used allowed us to perform SHG FROG and chirpscan measurements in the same
optical setup, thus it is meaningful to compare the results obtained by these two methods. The
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Fig. 4. Characterization of the compressed pulse: (a) Chirpscan trace. (b) Pulse spectra as
retrieved by FROG (1) and measured independently (2). Spectral phases as retrieved from
chirp scan (3) and FROG (4) measurements. (c) FROG trace. (d) Temporal pulse shape as
measured by FROG and a transform-limited pulse (TL) with the same spectrum.

chirpscan trace of the compressed pulse is shown in Fig. 4(a). The trace exhibits good left-to-
right symmetry, which is a strong indication of a nearly transform-limited pulse, thus even using
the stationary phase approximation one should get a reasonable estimate of the spectral phase,
shown in Fig. 4(b) (curve no. 3). Applying this phase to the measured OPCPA output spectrum
yields a pulse that is virtually indistinguishable from the transform-limited one. The FROG
trace was measured without altering dispersion settings of the system and the corresponding
FROG inversion results are shown in Fig. 4(b)-4(d). The FROG retrieval error was 1.8% on a
128 x 128 grid. Although the FROG measurement shows a certain amount of residual chirp, the
measured pulse duration still differs by less than 9% from the transform limit and ~60% of the
pulse energy is delivered within a £5 fs temporal window.

4. Conclusions

In conclusion, we have developed a table-top OPCPA system pumped by fs Yb:KGW and ps
Nd:YAG lasers. Employing a femtosecond Yb:KGW laser driven WLC generator and NOPA
stages, a compact grism and an AOPDF based pulse stretcher and a flat-top picosecond pump
pulses, we have obtained high spatio-temporal quality output pulses with the energy of up to
35 mJ. The fraction of the APF energy was measured to be smaller than 3x10~4. Attenuated
output pulses were compressed down to 8.9 fs. Equipped with compressor optics of appropriate
aperture, the system would be capable of producing pulses with peak powers exceeding 3 TW.
The footprint of the whole setup is 4x1.5 m. Together with recent results regarding stabilization
of carrier-envelope phase of the Yb:KGW laser systems [20,21] this continuum-seeded OPCPA
system appears to be a promising source for high-field science applications.
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Abstract
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We report the recent results on development of a CEP-stable 1 kHz repetition rate TW-class
OPCPA system driven by femtosecond Yb:KGW and picosecond Nd:YAG pump sources. Seed
pulses with spectra spanning over an octave are produced in a continuum generator pumped by
CEP-stable pulses from a difference frequency generator operated at 1.3—1.6 ym. After
amplification in NOPA, pulses with energy up to 70 uJ and spectra supporting durations of 5 fs
are obtained. Sub-70 mrad CEP jitter at the output of system frontend is demonstrated.

Keywords: OPCPA, ultrafast lasers, passive CEP stabilization

1. Introduction

In recent years, optical parametric chirped-pulse amplification
(OPCPA), first presented in 1992 [1], has matured as a
powerful tool for generating few-cycle high-intensity pulses
and is becoming a competitive alternative to Ti:Sapphire-
based laser systems as sources of few cycle TW peak power
pulses [2-5] for various applications in strong-field and
attosecond science research. Few cycle pulse generation by a
number of OPCPA systems with central wavelengths cover-
ing spectral range from the visible to the mid-IR has been
reported (a comprehensive review of these works is presented
in [6]). Additional opportunities for extension of amplification
bandwidth arise from the possibility to build amplification
chain using different color pumps [7, 8] or employing crystals
with complementary amplification bands [9]. High resistance
to optical damage, lack of energy storage in the amplification
material and low parasitic absorption in nonlinear crystals has
allowed for scaling of few-cycle OPCPAs up to 16 TW peak
power [10] and 22 W of average power [11] in table-top
setups and development of the OPCPA system delivering few
cycle pulses with PW peak power at repetition rate of 10 Hz is
under way [12]. At present, one of the well marked trends in
this field is the development of few cycle OPCPA systems
capable to provide TW peak powers and high average power

2040-8978/15/094008+06$33.00

simultaneously [9]. To date, the best reported achievement in
this direction is a Ti:Sapphire laser pumped OPCPA system
producing 5 s pulses with 2.7 mJ energy at 1 kHz repetition
rate [13].

OPCPA technology also has an advantage over chirped
pulse amplification based Ti:Sapphire systems in terms of
output pulse contrast that is a crucial parameter for strong-
field experiments. OPCPA allows for significant reduction of
background intensity outside the temporal window of pump
pulse. On the other hand, pulse contrast achievable by para-
metric amplifiers is limited by amplified parametric fluores-
cence (APF). It has been shown that the amount of this
incompressible noise can be minimized by careful design of
the first amplification stage [14], enhancement of seed pulse
energy [10] and optimization of the ratio of pump and seed
pulse durations [15].

Carrier envelope phase (CEP) control is another essential
prerequisite for a number of the few cycle laser applications
in strong-field research, in particular for experiments on
generation of isolated atosecond pulses. Nowadays, both
active and passive CEP stabilization is well established
technique providing CEP control of different types of laser
systems. However, only a few CEP stable few cycle OPCPA
systems producing CEP-stable pulses with energies exceeding
1 mJ have been reported [16, 17].

© 2015 IOP Publishing Ltd  Printed in the UK
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Figure 1. Principal layout of the OPCPA setup.

In this paper we present the design principles and recent
achievements on development of CEP-stable OPCPA system
that is based on tandem femtosecond and picosecond noncol-
linear parametric amplifiers seeded by passively stabilized
broadband pulses from continuum generator. The main part of
presented results concerns the characteristics of the frontend that
to a large extent defines the parameters of pulses at the output of
the OPCPA system which upon completion is expected to
deliver sub-10fs, 89 mJ pulses at 1 kHz repetition rate.

2. OPCPA system design

The general layout of the TW-class OPCPA that is under
development in Laser Research Center of Vilnius University
is presented in figure 1. The frontend consists of continuum
generators and noncollinear parametric amplification stages
driven by femtosecond Yb:KGW master oscillator-power
amplifier system (Pharos, Light Conversion Ltd). It produces
passively CEP-stabilized broadband seed pulses with tens of
microjoules of energy. A detailed description of the frontend
is presented in sections 3 and 4.

The three-stage power amplifier, in combination with
pulse stretching/compression setups, is designed to produce
multi-mJ few-cycle pulses. High energy picosecond pump
pulses are produced by a 1kHz repetition rate, all-diode-
pumped Nd:YAG amplifier system (Ekspla, Ltd). This sys-
tem, that is currently approaching completion, will provide
40m] pulses at 532 nm with Gaussian temporal shape and
super-Gaussian spatial profile for the pumping of final low
gain, high energy OPCPA stage. The high gain pre-amplifi-
cation stages will be pumped by flat-top pulses shaped using a
cascaded second harmonic generation technique [18].
Regarding pulse stretching and compression, we employ the
down-chirped pulse amplification scheme, where pulses are
negatively chirped prior to amplification and compressed in
bulk glasses after being amplified. The main rationale for this
decision is the potentially higher throughput of properly AR-
coated glasses, as compared to a diffraction grating com-
pressor. In our setup, most of the stretching is performed by a
grism pair because of the good match of the dispersion shapes
of glasses and grisms [19]. An acousto-optic programmable
dispersive filter (Dazzler, Fastlite Inc.) is inserted after the
first picosecond amplification stage for fine dispersion

control. Amplified pulses will be compressed in bulk glasses
down to about 400 fs, and finally compressed to minimum
duration by positive dispersion chirped mirrors.

This brief description reflects several conceptual ideas
that we have adopted in our OPCPA system design. The
spectrum of the mode-locked Yb:KGW oscillator pulses
overlaps well with the spectral amplification bands of Yb:
KGW and Nd:YAG amplifiers. Therefore, all-optical syn-
chronization of our system is straightforward and reliable.
The choice of sequential femtosecond and picosecond mul-
tistage non-collinearity angle (NOPA) setup combines the
advantages of short pulse implementation (thinner crystals,
broader parametric amplification bandwidths) with potentially
higher energies from picosecond NOPA. This approach pro-
vides a lot of flexibility in signal spectrum shaping as slightly
different part of the pulse spectrum may be amplified in each
stage, allows for distribution of overall gain and spatial signal
filtering between stages. The flat-top shaped picosecond NOPA
pump pulses permit using a seed-to-pump pulse duration ratio
close to unity, which is known to aid in suppressing APF,
while simultaneously maximizing energy conversion efficiency
without loss of bandwidth. The femtosecond frontend produces
passively CEP stabilized broadband seed pulses and also serves
for improvement of output pulse contrast. In our system con-
figuration, APF is the only source of background noise. At the
OPCPA system output it resides within the time window
defined by the duration of the femtosecond pump pulse, since
the contribution of APF arising in picosecond NOPA seeded
by microjoule level pulses is practically negligible [20]. All
things considered, we can reasonably expect intensity contrast
on the order of 10'° on the picosecond scale without using
additional measures for temporal pulse cleaning.

3. CEP-stable pulse generation

CEP stability is a key parameter for strong-field laser drivers.
Previously, we have achieved good CEP control of a femto-
second OPA by stabilizing the carrier-envelope offset frequency
of the Yb:KGW oscillator [21]. While this is an established
method for CEP control, it requires complex electronics and
generating a continuum from the Yb:KGW oscillator pulse in a
photonic crystal fiber, which we found to be too inconvenient
for everyday use. We realized that we could get better and more
reproducible results using the passive stabilization method
proposed by Baltuska et al [22]. Passively CEP stabilized
pulses are produced by difference frequency generation (DFG)
when the difference frequency is generated between two pulses
with the same CEP. In practice, this can be achieved either by
generating the difference frequency between different spectral
components of a broadband pulse (intrapulse DFG) or by
mixing two replicas of the same pulse after broadening the
spectrum of one replica (interpulse DFG) [23]. Passive CEP
stabilization is most widely used in the IR (for example, [24]),
but schemes using DFG pulses to produce seed for a visible/
NIR parametric amplifiers have also been reported [23].

Our DFG setup is depicted schematically in figure 2. The
setup is pumped by 515 nm, 70 uJ pulses. A fraction of the
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Figure 2. Principal layout of the DFG setup.

pump beam energy (3, 0.8 uJ after aperture) is focused into a
sapphire plate to generate a continuum, whose long-wave
wing is amplified in a 2mm BBO crystal by another part
(13 uJ) of the incoming beam, simultaneously generating a
CEP-stable idler pulse with 200 nJ energy. Careful optimi-
zation of the continuum generation conditions (numerical
aperture and the position of the sapphire with respect to the
focus) was required to produce enough seed energy in the
850-900 nm range, which is necessary to achieve the desired
idler wavelength of 1.3-1.4 ym. Furthermore, the continuum
pulse had to be chirped to match the duration of the somewhat
chirped pump pulses (discussed in more detail in the following
section). This is achieved by transmitting the continuum
through a 10 mm ZnSe window before DFG. Amplification is
performed in collinear geometry to avoid angular dispersion of
the idler. The idler pulses are sent back to the BBO crystal to
be further amplified to >4 yJ by the remaining part of the
pump beam energy. In order to keep the shape of amplified
idler pulses as clean as possible, it was necessary to temporally
separate the collinearly propagating idler and signal after the
first pass of the BBO crystal. For this purpose, a 10 mm SF10
glass window (double-passed) is inserted into the beam path
between the first and second passes of the crystal. The quad-
ratic term in the spectral phase of the idler pulse is essentially
opposite to that of the signal pulse, therefore, positive dis-
persion is required to compress the idler. For this, a 10 cm
long rod of SF57 glass was chosen. After propagating through
the glass, idler pulses are compressed almost exactly to the
transform-limited duration of 80fs, as verified by FROG
measurements. It is sufficient to compensate only the 2nd
order phase, as higher order dispersion is insignificant for 80 fs
pulses. The long glass rod also serves to temporally separate
the idler from any residual pump or signal pulses prior to
continuum generation and amplification stages.

4. Broadband seed generation and
femtosecond NOPA

Several Yb:KGW laser-based broadband NOPAs operating in
vicinity of 800 nm range have been described in the literature

[25, 26]. In these works, as well as in our previous work [27],
the spectra of the amplifiers were limited to 950-980 nm on
the long-wave side due to complicated spectral phase in the
vicinity of the continuum pump wavelength (1030 nm). In the
present setup we have removed this limitation by pumping the
continuum with DFG pulses at wavelengths significantly
shifted to the IR (1.3-1.4 um), allowing for compressible
pulse amplification over the full bandwidth of the BBO-
based NOPA.

For seeding an OPCPA, it is desirable that the continuum
has no significant peaks or drops of spectral power density
(PSD). We investigated the changes of the spectral shape of
the continuum while the pump wavelength was varied over
the tuning range. Spectra of continua generated with different
pump wavelengths are shown in figure 3. For each mea-
surement, pump energy and focusing conditions were adjus-
ted to produce the optimum spectral shape. It can be noted
that generally smooth continua are produced with idler pulses
at wavelengths up to 1.45um, while tuning the idler to
wavelengths above 1.45 ym results in a spectrum with an
isolated peak around 600 nm and a deep, broad spectral
intensity dip between 800 and 1000 nm, none of which are
useful for OPCPA seeding. This shape of the continuum is
reproduced when the idler is tuned to even longer wave-
lengths (not pictured). For regular operation, idler wave-
lengths 1.3—1.4 um are chosen as setting the idler wavelength
to 1.2 um may bring the continuum pump wavelength too
close to the NOPA amplification band.

To gain insight about the factors influencing the CEP
stability of our system, we measured the phase-energy cou-
pling coefficient (PECC) in the continuum generator pumped
by idler pulses. The measurement was performed by obser-
ving f — 2f interference while the energy of the idler pulses
was modulated by rotating a variable neutral density filter. To
decouple from any other possible CEP noise sources, we used
a stepper motor to rotate the filter in a sinusoidal manner at
~2 Hz and used spectral filtering to isolate the CEP variation
resulting from energy modulation. Our measured PECC
values agree well with those recently reported by Marceau
et al [28]. Similar to Marceau, we noticed no variation of the
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Figure 3. Spectra of continua generated with different pump
wavelengths. (a) 1200 nm (b) 1242 nm (c) 1304 nm (d) 1400 nm (e)
1442 nm (f) 1581 nm. Black, solid curves: continua; blue, dashed
curves: pump pulse spectra. The low-intensity region around

1400 nm originates from absorption in the fiber used to couple light
into the spectrometer.

coefficient with wavelength in the 1.2-1.4um range and
measured a phase shift of approximately 400 mrad per 1%
energy change. However, we found significant variation of
the coefficient while the sapphire was translated along the
beam propagation direction (figure 4(a) ). If the focus occurs
before the sapphire entrance, the beam is already diverging
when it reaches the sapphire and the filament only starts near
the end surface of the sapphire plate, as diffraction and self-
focusing are nearly balanced. We noticed that this produces a
brighter, more energetic continuum, compared to other geo-
metries. However, due to the extremely large PECC, this
continuum is unusable when CEP stability is required. The
PECC reaches a minimum approximately when the focal
point is on the surface of the sapphire plate, and stabilizes at a
slightly higher value as the focus is moved deeper inside the
sapphire. The continuum produced with the focal point on the
surface is not bright, therefore during regular operation of the
frontend, the focal point is set to be well inside the sapphire.
Measuring CEP stability of the continuum by f — 2f inter-
ferometry, we investigated how the amplitude of short-term
CEP noise depends on various parameters of the parametric

amplifiers. The essential parameter for controlling CEP noise
was determined to be the energy of the 515 nm pulses used to
generate continuum in the DFG. The variation of short-term
CEP noise with 515 nm continuum pump energy is shown in
figure 4(b). It can be seen that the best stability of both CEP
and DFG pulse energy is achieved near the onset of the
generation of the second filament.

The layout of the two-stage femtosecond NOPA is pre-
sented in figure 5. An iris aperture is used to select only the
central part of white light with a nearly uniform spectral dis-
tribution over the beam cross-section. Beam diameter of the
continuum is reduced and slightly focused close to amplifica-
tion crystal by the telescope of two spherical mirrors R = +100
and R = +20mm. Noncollinear parametric amplification is
carried out in Type-I 2mm long BBO crystals pumped by
second harmonic of the Yb:KGW laser. A waveplate and a
polarizer are used to split the pump at 515 nm into two beams.
20 uJ of energy is focused to 350 um resulting relatively low
~110 GW cm~2 peak intensity for first stage. This reduces the
gain, but also suppresses amplification of parasitic parametric
fluorescence and enhances the contrast at the output of the
system. In the first amplification stage the continuum pulses are
amplified from =10 to 1.5 uJ. The second stage, pumped by
400 uJ pulses, increases the signal energy up to 70 uJ. In this
stage the pump is set for higher intensity (160 GW cm~2) to
saturate the amplifier and increase energy stability of the output
signal. The measured output pulse energy stability was 0.3%,
close to the pump laser energy stability of 0.1%.

The two-stage NOPA allows a degree of control over the
spectral shape of the amplified pulses. An interesting possi-
bility is the amplification of an octave-spanning spectrum,
which is achieved by adjusting the noncollinearity and phase
matching angles in both stages to increase the gain at edges of
the seed spectrum (figure 6(a)), green), albeit with a lower
amplification efficiency (amplified pulse energy 20 uJ). The
Fourier limit of this spectrum is <3.5 fs FWHM, which cor-
responds to a nearly single cycle pulse centered at ~1 ym. At
present we are unaware of a convenient spectral phase control
method for pulses of such bandwidth in this spectral range,
but we believe this may become available in the future. It
must be noted that the spectrum corresponds to a transform-
limited pulse with significant sidelobes; however, it would be
straightforward to smoothen the spectrum in additional
amplification stages which would anyway be required before
using the pulse in experiments.

Regular configuration of the NOPA (non-collinearity
angle a = 2.5°, phase matching angle 6 ~ 24.6°) gives a
narrower but smoother spectrum (figure 6(a), blue) with most
of the energy contained within the band of conventional
532 nm pumped, BBO based OPCPA and a transform limit
still below 5 fs. We point out that the octave-spanning spec-
trum could be successfully amplified in picosecond amplifi-
cation stages pumped at 532 nm due to a bend in the BBO
phase matching curve.

Spatial distribution of the spectral components was
investigated by scanning a fiber through the beam in the plane
of phase-matching and noncollinearity. The spatially resolved
spectrum is shown in figure 6(b). The deviation of the line
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going through the centers of gravity for each wavelength
(blue curve) is no more than a few percent of the diameter of
the integral beam (red curve). The spectra were measured 3.5
m after the last amplification crystal. The output beam is quite
similar to Gaussian and (figure 6(c)) has an ellipticity ratio
of 0.91.

CEP stability of the OPCPA front-end was tested by
f—2f interferometry. During the measurements, unaver-
aged, single-shot spectra were acquired at a rate of >50 Hz.
Additional spectral broadening was not needed as the required
second harmonic signal was produced from the seed

spectrum. The results are given in figure 7. Within a mea-
surement interval of 2 min, CEP noise was below 68 mrad. By
using a feedback loop consisting of a pair of wedges con-
trolled by a stepper motor to compensate for slow drift, CEP
noise was limited to 117 mrad for periods over 22 min. The
PSD of the residual CEP noise is almost uniform, indicating
efficient operation of the feedback loop. The only clearly
discernable feature in the noise PSD is a peak at ~24 Hz, most
likely corresponding to the response rate of our feedback
loop. However, the peak only contributes a tiny fraction of the
total phase noise.
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5. Conclusion

In conclusion, we have presented the design of a passively
CEP-stabilized, high contrast, few cycle OPCPA system
based on Yb:KGW and Nd:YAG lasers and experimental
results regarding the development of the frontend of our
OPCPA system. We demonstrate a seed spectrum spanning
over an octave, control of the NOPA amplification band,
including the possibility to produce amplified octave-span-
ning output, and excellent CEP stability of 68 mrad over
2 min. As the development of the pump laser progresses, the
system will be extended to a TW-class, 1 kHz repetition rate
machine. It is worth noting that this general OPCPA system
design has been approved as the base for the laser system in
SYLOS beamline of the ELI-ALPS facility.
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We present the results of theoretical and experimental investigation of amplified parametric fluorescence (APF) produced
in a high-gain BBO-based femtosecond noncollinear optical parametric amplifier (OPA) pumped at 515 nm. Differences of APF
levels in Poynting vector walk-off-compensating and tangential phase-matching amplification geometries are examined. APF
suppression due to the presence of a seed pulse in the OPA is measured and is found to be around 6 times in typical OPA operating

conditions when pump-to-signal conversion efficiency is 11.5%.

Keywords: parametric fluorescence, optical parametric amplifier, contrast

PACS: 42.65.Yj, 42.65.Re

1. Introduction

Optical parametric chirped-pulse amplification
(OPCPA) [1] is a well-established method to pro-
duce high-energy, few-cycle pulses. This technique
allows one to reach a gain of more than 10°in a single
pass of a few millimetre long crystal. However, this
gain is attainable only by using high pump intensi-
ties in the amplifier crystal, which in turn increases
the probability of efficient parasitic generation and
amplification of optical parametric fluorescence.
Consequently, amplified parametric fluorescence
(APF) degrades signal stability and reduces extract-
able signal energy due to transfer of pump energy
to the incoherent pedestal [2]. This lowers the com-
pressed pulse contrast (ratio of the intensities of
the amplified pulse and incoherent background),
which is a major concern in high-field experiments.
APF is only produced within the temporal window
defined by the pump pulse, therefore it is proposed
that using a short pump pulse in the first amplifica-
tion stage, in which typically high gain is required,
can increase pulse contrast at the OPCPA output [3].
The short-pulse preamplification approach was
demonstrated in an OPCPA system driven by fem-
tosecond ytterbium and picosecond neodymium
pump sources [4].

* formerly Viktorija Pyragaite

APF is a result of parametric amplification of quan-
tum noise due to two-photon emission from a virtual
level excited by the intense pump field and stimulated
by the signal and idler field zero-point fluctuations
[5, 6]. For a long time APF was successfully used as
a seed source for tunable optical parametric amplifiers
(OPAs) pumped by picosecond pulses [7, 8]. However,
the output of OPAs of this type exhibits high shot-to-
shot pulse energy fluctuations, typically far exceeding
those of the pump laser, possibly with individual shots
entirely missing from the pulse train. From these high
fluctuations one might infer that in the case of tight
pump focusing, APF originates from a relatively low
number of quantum noise photons, which, however,
can be amplified to significant energies due to the high
gain in parametric amplification systems. So far, works
discussing the origin and amount of APF in OPA and
OPCPA systems have not been numerous [9-14]. Effi-
cient broad-band parametric amplification in the BBO
crystal can be achieved by directing the signal beam
at the so-called magic angle to the pump beam, which
is about 2.5° (inside the crystal) in the case of 515 nm
pump. However, due to crystal birefringence the direc-
tion of the pump Poynting vector differs from that of
the pump wave vector and the degree of spatial overlap
between pump, signal, and idler beams depends on
the orientation of the nonlinear crystal. In one orienta-
tion, the Poynting vector walk-off leads to better spatial
overlap of pump and signal beams (see Fig. 1(a)); this
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Fig. 1. Relative positions of the waves in Type I BBO
crystal-based NOPA. (a) Poynting vector walk-off com-
pensation geometry (PVWC), (b) tangential phase-
matching geometry (TPM). k, k, and k, are wavevec-
tors of pump, signal and idler waves, respectively. S is
the pump beam Poynting vector. Signal and idler waves
are indicated by sets of wavevectors representing differ-
ent spectral components of broadband pulses. O. A. is
the optical axis of the crystal. The dotted circles indicate
the APF cone. The angles between the vectors are exag-
gerated for clarity.

geometry is called Poynting vector walk-off compensa-
tion geometry (PVWC) [15]. In the case of the other
orientation of the optical axis (see Fig. 1(b)) - tan-
gential phase-matching geometry (TPM) - the pump
beam propagates very close to that of the angular dis-
persed idler beam. Both geometries are commonly
used in noncollinear optical parametric amplifiers and
allow for similar pump-to-signal conversion efficien-
cies. However, the spatial and spectral parameters of
the amplified signal differ appreciably due to specific
spatio-temporal pulse shaping dynamics and different
parasitic frequency mixing processes in PVWC and
TPM geometries. The PVWC geometry offers a much

better near-field profile of the signal beam, however,
the signal is accompanied by the parasitic second har-
monic generation affecting the shape of the amplified
spectrum [16]. On the other hand, numerical simula-
tions have confirmed that undesirable spectral phase
modulation of the signal pulse occurs in the TPM ge-
ometry [17]. Differences are more pronounced when
narrow beams and short pulses are used in parametric
amplifiers. As the contrast of an OPCPA system output
is usually defined by the first amplification stage [13],
the common practice is to design these first stages to
operate with minimum beam sizes in order to enhance
the ratio of seed and quantum noise photons in the am-
plification channel. Different spatio-temporal paramet-
ric amplification conditions in PVWC and TPM ampli-
fication configurations may also lead to different APF
levels at the output of OPA. However, to the best of our
knowledge, this issue has not yet been examined.

In this work we investigate the properties of APF
produced in a high-gain BBO-based femtosecond
noncollinear optical parametric amplifier (NOPA)
pumped at 515 nm and examine the differences of APF
levels in two different amplification geometries.

2. Theoretical modelling

2.1. Governing equations

The computer simulations of noncollinear parametric
amplification were performed using nonlinear cou-
pling equations that in the Fourier domain can be ex-
pressed as

7 .
=S+ (K*(a) —k; —k})S, =y R,

> .
SR @) K- K)S = woiB ()

X

& n
827253 + (kz(wS’kx5ky) —k- kj)S} = */105%21%,

where j = 1, 2, 3 stands for signal, idler and pump
waves, respectively. S(w, k, k) are the Fourier trans-
forms of electric fields Aj(t, X, y). k is a wave number
and k,, k, are the projections of the wave vector. We
consider the Cartesian coordinates (x, y, z). Time and
cyclic frequency are denoted by t and w, respectively.
t, is the vacuum permeability and 151 is the Fourier
transform of a nonlinear polarization.

We investigated the nonlinear Type I interaction in
the BBO crystal. The signal and idler waves are ordi-
nary and their wave numbers depend only on cyclic
frequency w. The wave number of the pump wave
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depends also on the propagation direction (projec-
tions k_and ky).
From Eq. (1) it follows that
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Equation (2) was solved by a Fourier split-step
method. The linear part was solved in the Fourier do-
main:

Sj(z +h)= Sj(z) exp(ikzjhZ - ihz(wj - wjo)/u3), (3)

where h_is the longitudinal step. The second term in
the brackets was subtracted in order to reduce the time
walk-off. We set u, = ¢/1.65, where c is the speed of
light. The nonlinear part was solved for the fields A.
J
which were found by the use of the inverse Fourier
transform of S. The simplifications were performed
applying the paraxial approximation for the wave
packets: the factors y w?/(2ik ) in the nonlinear terms
were substituted by their valuesatw. = w_, k_ =k =0,
) ol Ty
where w,, is the central frequency of the jthwave. k_=
k=0k =k_.
4 40 . R R
In order to describe quantum noise fluctuations
we added the Langevin noise terms #.. First, we note
that Aj = B}. exp(ikzjoz). The nonlinear and noise part of
the equations was solved for amplitudes B; as follows:

B(z+h.)=B,(z)+h.[-TB (2)
+0,B(2) B, (2)exp(irkz)+ & [2TVR, ],
By(z + h.)= B,(2)+ h.[-TB,(2)
+0,B; (2) By(2)exp(ibkz) + &, 2T7H, ],
By(z +h.)=B,(z) +h.[-TB,(z)
—0,B](2) B, (2)exp(-idkz) + & 2TV |.
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Here Ak = k -k, -k is the phase mismatch. We

note that the Langevin noise term 7, is §-correlated:

(e, x, 3, 2) (e, x', ', 2))

Q)
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11, is the strength of noise. In Eq. (4) EJ = £j(x, ¥, t) is
the normal random numbers with the variance 7.
T describes the linear absorption. In the BBO crystal,
I'=0.01 cm™. Nonlinear coupling coefficients are de-
scribed by

2 geff
_ wszd (6)
O'j =
¢ 2k
where d*fis the effective nonlinear susceptibility.
Equations (2) were simulated for Gaussian pulses
with the following boundary conditions at z = 0:
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Here 7 and p are the pulse duration and beam radi-
us, respectively. k  is the x projection of the input
signal beam wavevector. The sign ‘+” before it cor-
responds to PVWC amplification configuration, i. e.
the pump walk-off towards the seed beam direction
(see Fig. 1(a)). Sign ‘- corresponds to TPM geom-
etry (see Fig. 1(b)). a,, and a,, are the amplitudes
of signal and pump pulsed beams, respectively. y is
the chirp parameter. £ , = &, (x, y, t) is the input
noise. Computer simulations were performed using
the wavelength, beam size, pulse duration and pulse
energy values corresponding to those used in the ex-
periment. However, Gaussian pulse and beam shapes
were assumed and no attempt was made to replicate
the experimental conditions exactly. As we can see
from Eq. (7), the input signal wave is a chirped pulse.
The pump wavelength was set to A,; = 515 nm. We
assume the noncollinearity angle for the signal beam
to be a, = 2.56° which was calculated by the use of
Selmeier equations from [18]. The phase matching
angle is 0, = 24.5° and the central signal wavelength
is A,; = 795 nm. The signal pulse chirp parameter
is y = 7.5. p, and p, are 250 and 110 ym at FWHM,
respectively. The pulse duration 7 corresponds to
200 fs at FWHM. The crystal length is 2.5 mm and
the input seed energy is 1 nJ. We also involved into
consideration the nonlinear interaction length
L, =1/(a,0). For the 2 yJ pump energy (85 GW/
cm’ intensity) we obtain L , = 130 ym. d*" was taken
from [19].

For evaluation of the input noise intensity we use
the formula from Ref. [11]
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noise 871'36'2

where i is the Plank constant and # is the refractive
index. Aw is the detected spectral width and AQ is
the solid angle of the emitted radiation. In the formula
we have omitted an additional factor of 2 since we cal-
culate signal and idler noises separately. For the wave-
length window from 650 nm to 950 nm and the solid
angle calculated from the divergence angle of the pump
we obtain I = 2180 W/m? that for the pulse duration
of 200 fs corresponds to only 20 photons. We have to
magnify the obtained values by N2 = 1.7 x 10° since we
consider the angular spectrum of the input signal noise
with the divergence angle 2.5° which is N, times larger
than the divergence angle of the pump beam.

2.2. Results of numerical simulations

First, we have performed the modelling of parametric
fluorescence amplification, i. e. the case when no seed
is present at the OPA input. The angular spectrum of
the APF signal beam is presented in Fig. 2. It was inte-
grated over all frequency components. As we can see,
the left side of the APF ring is brighter than the right
one, though the pump walk-off for this case is on
the opposite side with reference to the cone axis, i. e.
corresponds to the situation depicted in Fig. 1(b). This
non-intuitive result can be explained by the fact that in
this case the propagation direction of the idler beam
nearly coincides with the pump beam. The propaga-
tion angle of the idler is larger than that of the signal, so
it can better follow the pump beam during its walk-off.

50
25
=)
]
é 0
<
-25
-50
-50 -25 0 25 50
o, (mrad)

1x

Fig. 2. Angular spectrum of APE Pump intensity
170 GW/cm?,

In order to evaluate the amplified signal energy
contrast with reference to APF we have repeated
calculations of angular output radiation distribu-
tion in the presence of seed. The seed is directed
into the crystal at the internal non-collinearity angle
«,, = 2.56° =~ 45 mrad. PVWC and TPM configura-
tions were examined simply by taking positive or neg-
ative a, values, i. e. choosing +k  or -k in Eq. (7).
The light energy variation on the cone obtained by
scanning it with a rectangular spatial aperture with
asize of 18 mrad is depicted in Fig. 3. The red curve (1)
which shows the APF angular distribution when seed
is absent (see Fig. 2) indicates that APF intensity on
the right and left sides of the cone (see the points at
0 and 180 deg angles) differs by about one order of
magnitude (more than 10 times).

10°

APF
PVWC
100 TPM
= 102
3 10
B
o0
2 100
m
10
10-°
0 90 180 270 360
Angle (deg)

Fig. 3. Angular intensity distribution on the cone. Red
(online) line 1 is APF energy when seed is blocked. Sig-
nal amplification in PVWC and TPM configurations
is presented by blue (online) 2 and magenta (online) 3
lines, respectively. Pump intensity 170 GW/cm?.

When the seed is amplified in TPM geometry (the
point on the magenta line at 180 deg), the amplified
signal magnitude is higher than the APF level of an
unseeded OPA (the point on the red line at 180 deg)
by more than three orders of magnitude. The contrast
ratio in the case of amplification in PVWC geometry is
definitely higher, as the amplified pulse energy is small-
er by ~1.2 times but the APF level is lower by an order
of magnitude (see points at 0 deg on the blue and red
line, respectively) as compared to the case of amplifica-
tion in the TPM configuration. We point out that in-
troducing the seed results in lowering of light intensity
on the cone both for PVWC and TPM geometries. This
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APF gain suppression is caused by pump depletion due
to energy transfer to the signal and leads to overall APF
levels lower by several times when the OPA is seeded,
as compared to APF levels in an unseeded OPA.

The data on signal and APF amplification in
PVWC and TPM geometries at various pump in-
tensities are presented in Fig. 4. One can see that the
PVWC configuration provides a notably higher ratio
of the amplified signal energy with respect to the en-
ergy of APF in the amplification channel.

10°
107!
102
3 10°
>
210
=]
= 100
10-6 Amplified signal (TPM)
Amplified signal (PVWC)
107 APF (TPM)
APF (PVWC)
20 80 120 160 200 240

Pump intensity (GW/cm?)

Fig. 4. Energies of the amplified signal (solid lines) and
APF (dashed lines) for different pump intensities.

3. Experiment

In our setup a Yb:KGW diode-pumped solid state laser
system (PHAROS, Light Conversion, Ltd.) generating
200 fs pulses at 1030 nm at a repetition rate of 1 kHz
was used. A small part of the pulse energy (~1 uJ) was
split off and focused into a 4 mm sapphire plate to gen-
erate a white-light continuum (WLC) seed. A wave-
plate-polarizer attenuator was used to finely tune
the pump energy for optimum WLC generation, which
led to the WLC spectrum being highly stable on both
shot-to-shot and day-to-day timescales. The larger part
of the pulse energy was frequency doubled in a 0.7 mm
BBO crystal, producing pump pulses for the NOPA.
Parametric amplification was carried out in a 2.5 mm
type-I BBO crystal into which the pump beam was
focused to a spot size of 110 yum at FWHM. The size
of the seed beam was 250 ym at FWHM. The phase
matching angle of the crystal and the noncollinearity
angle were fine-tuned for efficient signal amplification
in the 670-950 nm spectral range. In our setup the con-
tinuum seed pulse with an energy content of ~5 nJ

in the 670-950 nm spectral band could be amplified
up to 0.6 yJ at a pump intensity level of 170 GW/cm?
with a conversion efficiency of 11.5%. Parasitic SHG at
a wavelength of 435 nm was observed in the case of
PVWC configuration. This results in a hole in the am-
plified spectrum at ~870 nm.

When the seed is blocked, the cone of APF is clearly
observed at high pump intensity levels. The half-an-
gle of the cone centered on the pump beam is set to
~4.1° (=71 mrad) by tuning the phase matching angle
of the crystal. Since the refraction index of the BBO
crystal is ~1.66 at 800 nm, this corresponds to an in-
ternal signal-pump noncollinearity angle of ~2.5° that
is called the magic angle and provides the broadest
spectral amplification band. An image of APF spatial
distribution acquired with a beam profiling camera
(WinCamD, DataRay Inc) is presented in Fig. 5(a). To
avoid saturation of the detector, the pump beam had to
be blocked with an appropriate dielectric mirror. Ad-
ditionally, several calibrated neutral density filters were

(a) 100 1
0.8
50
3
‘é 0.5
< 0
=)
g 0.4
-50
0.2
-100 0
-100 -50 0 50 100
(b) 10° Areal
Area 2
107 Area3
5107
=
2107
&
]
k= 10
10~
10
20 40 60 80 100 120 140 160

Pump intensity (GW/cm?)

Fig. 5. An image of the SF cone at the output of NOPA (a)
and the APF amplitude on different spatial zones of
the cone (b) marked by (red online) circles in (a).
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used for measuring the superfluorescence at different
levels of pumping. The difference between the APF
amplitudes on the right and left sides of the cone arises
due to varying the pump beam spatial overlap with an
amplified signal or idler waves of parametric fluores-
cence. In this case the orientation of the optical axis
corresponds to that which is shown in Fig. 1(b).

We have measured the dependence of APF on
pump intensity at different angles on the cone (1, 2, 3
marked in Fig. 5(a)). The results presented in Fig. 5(b)
show, as expected, the exponential APF intensity de-
pendence on pump intensity for all three measured di-
rections on the cone.

The amount of APF in the amplification channel
measured by blocking the seed is the worst case assess-
ment of the amplified pulse energy contrast. The pres-
ence of the seed at the input of OPA suppresses APF
since even a small depletion of the pump pulse due to
energy transfer to the injected signal reduces the am-
plification of parametric fluorescence [13]. To the best
of our knowledge, the amount of APF suppression has
so far only been measured in a single work [14] by cre-
ating a narrow spectral hole in the seed spectrum using
an acousto-optic pulse shaper. In contrast, we have ex-
amined the APF suppression by measuring the APF
intensity at the point on the APF cone that was away
from the signal amplification channel, i. e. the 2nd zone
in Fig. 1(a). The light was collected by a 400 ym dia-
meter fiber and measured using a compact spectrom-
eter (AvaSpec 3648, Avantes). Spectra acquired with
the seed blocked and unblocked at different pump in-
tensity levels were integrated in the wavelength region
of our interest (670-950 nm). The obtained results are
presented in Fig. 6(a). APF suppression up to 6 times
was measured when pump-to-signal energy conver-
sion reached 11.5% at a pump intensity of 170 GW/
cm? (see Fig. 6(b)). These results are close to the APF
suppression ratio obtained by computer simulations
(see Fig. 3).

The results of theoretical treatment presented in
Section 2 show that the level of APF in PVWC and
TPM non-collinear parametric amplification geome-
tries differs considerably. In order to verify this finding
experimentally we have measured the energies of both
the amplified signal and APF (by blocking the seed)
for the both amplification geometries. In our experi-
mental conditions the APF at low pump intensities
is very weak and cannot be measured directly by our
standard power meter. In order to evaluate APF ener-
gies we blocked the seed and measured the spectra of
APF propagating in the signal amplification channel.
The energies of APF were calculated by taking spectra
integrals over a range of 670-950 nm and scaling it by
a factor, which was found by comparing energy values

—
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With signal amplification
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Fig. 6. APF amplitude with and without signal amplifi-
cation (a); APF suppression and pump to signal conver-
sion efficiency dependence on pump intensity (b).

measured with a spectrometer and a power meter at
high pump intensity levels above 160 GW/cm?.

The obtained data are presented in Fig. 7 and show
that one obtains a bit higher amplified signal energy
in the TPM geometry. However, the APF energy level
for different interaction geometries differs signifi-
cantly and the APF energy content at the OPA out-
put is less than 0.1% even in the strong amplification
saturation regime in the PVWC configuration. When
accounting for the APF suppression effect one can ex-
pect several times lower values of parametric fluores-
cence. The dashed lines in Fig. 7 show the expected
levels of APF calculated by applying the suppression
factor derived from the data presented in Fig. 6(a).
The amplified pulse contrast steadily drops with in-
creasing pump intensity: seed amplification satu-
rates, while the steadily rising contribution of APF
from the temporal areas where the level of seed is
low leads to a monotonous increase of an incoherent
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Amplified signal (TPM)

Amplified signal (PVWC)

APF without signal amplification (TPM)
APF without signal amplification (PVWC)
APF with signal amplification (TPM)

APF with signal amplification (PVWC)
Continuum (5nj)

Energy (1))
=

120 140 160 180
Pump intensity (GW/cm?)

200

Fig. 7. Energies of the amplified signal and APF pulses
for different amplification geometries and pump inten-
sities.

background. Therefore, looking for the best trade-off
between the high output energy and the low APF level,
we consider the pump level of 140-170 GW/cm? to
be optimum. We also note that for pump levels above
180 GW/cm? we observed undesirable modulations
in the amplified pulse spectrum and the spatial profile
caused by nonlinear self-action processes in the BBO
crystal. The results of numerical modelling (see Sec-
tion 2) show higher absolute values of the ratio of
the amplified signal and APF as compared to the same
ratios measured in the experiment. This can be ex-
plained by the fact that the computer simulations were
performed for ideal wave packets with both spatial and
temporal Gaussian profiles, while the characteristics of
real pulses in the experiment were different to some
extent. Nevertheless, the numerical and experimental
results agree well qualitatively. It is seen that in the case
of noncollinear parametric amplification of low inten-
sity seed pulses the PVWC geometry has a consider-
able advantage over the TPM configuration in terms of
a notably higher amplified pulse contrast.

4. Conclusions

We have investigated the properties of APF produced
in a femtosecond NOPA that will serve as a front end in
a TW-class OPCPA system [20] and examined the two
possible geometric configurations of broadband non-
collinear parametric amplification in the BBO crystal

pumped by 515 nm pulses. The presented experimen-
tal and numerical results reveal that PVWC amplifica-
tion geometry provides APF levels that are lower by an
order of magnitude as compared to amplification in
TPM geometry. Furthermore, we have used an origi-
nal method to determine the level of APF suppression
due to pump depletion by the signal and found it to be
slightly smaller than 1 order of magnitude in typical
OPA operating conditions. We believe that these find-
ings are relevant for the optimization of OPCPA sys-
tem designs for higher output pulse contrast.
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Santrauka

Pristatomas tyrimas, skirtas surasti optimalias neko-
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kaupinimo j signalg efektyvumas pasiekia 11,5 %.

are linked to publications on ResearchGate, letting you access and read them immediately.



[V PUBLIKACIJA

Femtosecond wavelength-tunable
OPCPA system based on
picosecond fiber laser seed and
picosecond DPSS laser pump

R. Danilevicius, A. Zaukevicius, R. Budriunas, A. Michailovas, N.
Rusteika

Optics Express 24(15), 17532 (2016)

Perspausdinta su The Optical Society leidimu.
© The Optical Society.

185



Research Article Vol. 24, No. 15 | 25 Jul 2016 | OPTICS EXPRESS 17532
o

Optics EXPRESS

Femtosecond wavelength-tunable OPCPA
system based on picosecond fiber laser seed
and picosecond DPSS laser pump

R. DANILEVICIUS, "% A. ZAUKEVICIUS,! R. BUDRIONAS,® A.
MicHAILOVAS, "2 AND N. RUSTEIKA'*2

]Ekspla Ltd., Savanoriu ave. 237, LT-02300 Vilnius, Lithuania

Department of Laser Technology, Center for Physical Sciences & Technology, Savanoriu ave. 231,
LT-02300, Vilnius, Lithuania

3Department of Quantum Electronics, Vilnius University, Sauletekio ave. 9, LT-10222 Vilnius,
Lithuania

*r.danilevicius@ekspla.com

Abstract: We present a compact and stable femtosecond wavelength-tunable optical
parametric chirped pulse amplification (OPCPA) system. A novel OPCPA front-end was
constructed using a multi-channel picosecond all-in-fiber source for seeding DPSS pump
laser and white light supercontinuum generation. Broadband chirped pulses were
parametrically amplified up to 1 mJ energy and compressed to less than 40 fs duration. Pulse
wavelength tunability in the range from 680 nm to 930 nm was experimentally demonstrated.
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1. Introduction

Femtosecond wavelength-tunable optical parametric amplification (OPA) systems are
indispensable for ultrafast science applications such as time-resolved pump-probe
experiments (transient absorption, fluorescence up-conversion, time-resolved photoelectron
spectroscopy, time-resolved mass spectrometry), femtosecond digital holography and CARS
(Coherent Anti-Stokes Raman Spectroscopy) [1-8]. Incorporation of optical parametric
chirped pulse amplification (OPCPA) technique [9,10] leads to extremely high peak intensity
of light which is required by modern laser-matter interaction applications, e.g. HHG (High-
Order Harmonic Generation) and attosecond science [11]. A seed source for such system is
commonly a Ti:Sapphire femtosecond oscillator [12,13]. Alternatively, white light
supercontinuum (WLC) generated by the femtosecond pulses from the regenerative amplifier
(Ti:Sapphire, Yb:KGW) can be used as a seed [14,15]. In both cases seed pulses have energy
in nJ range and need to be preamplified in femtosecond OPA stage before the amplification
in OPCPA stage, where pulses are stretched, parametrically amplified using long picosecond
pulses as a pump and finally compressed to femtosecond duration. Picosecond Nd** doped
DPSS (Diode Pumped Solid State) lasers are usually used as a pump.

Conventional approach requires to use a complex femtosecond CPA laser system and
optical or electronic synchronization of the femtosecond and picosecond laser systems, which
typically operate at different wavelengths [16]. Furthermore, in many strong field
applications it is important to have very high temporal contrast in picosecond to nanosecond
time scales of the generated femtosecond pulses [10,17]. If pulses from regenerative
amplifiers are used in all parametric amplification stages, achievable pulse contrast is limited
or requires sophisticated techniques for contrast improvement [17]. During the past few years
novel schemes were proposed to overcome the mentioned shortcomings. A passive seed and
pump pulse synchronization was experimentally demonstrated by R. Riedel et al. [18]
performing the generation of WLC pulses with a small fraction of light from a pump laser
based on Yb:glass fiber amplifier. A few-cycle seed formation using a femtosecond Kerr-lens
mode-locked thin-disk Yb:YAG oscillator and implementing a two-stage external pulse
broadening and compression technique was realized by O. Pronin et al. [19].
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In this work, we developed a compact femtosecond wavelength-tunable OPCPA system
with a novel front-end, which uses a spectrally broadened picosecond fiber oscillator for
seeding picosecond DPSS regenerative amplifier and WLC generation. This approach
eliminates the need of seed and pump pulse synchronization therefore greatly simplifying the
system and does not require generation of femtosecond pulses for the regenerative
preamplifier potentially increasing temporal contrast of final pulses.

2. Experimental setup and results

The principle scheme of our femtosecond wavelength-tunable OPCPA system is presented in
Fig. 1. The experimental setup consisted of OPCPA front-end based on white light
supercontinuum generation and parametric amplification by femtosecond pulses and
picosecond OPCPA amplifier. Picosecond DPSS Nd:YVO, laser was used as a pump.

DPSS Nd:yvo, | 25 OPCPA front-end
pump laser
§|(11.5mJ, 1 s

00 ps, 1kHz)
TL: <30-100 fs, ¢
670-1000 nm S

ion

25mJ

Synchronizati

500-1000 nm

All-in-fiber
picosecond laser

Fig. 1. Principal experimental scheme of the femtosecond wavelength-tunable OPCPA
system. Multiple channel all-in-fiber picosecond laser was used to seed DPSS pump laser and
a non-collinear optical parametric amplifier (ps NOPA) in order to form pulses for white light
supercontinuum (WLC) generation. WLC pulses were preamplified in femtosecond NOPA (fs
NOPA) performing wavelength tuning, then stretched to picosecond duration, amplified in
one stage OPCPA amplifier and recompressed.

The seed source of the OPCPA front-end and the pump laser was all-in-fiber picosecond
laser (Fig. 2) which consisted of three main parts: the picosecond oscillator, the seed
formation chain for the regenerative amplifier (RA) and the seed formation chain for non-
collinear parametric amplifier (ps NOPA).

Picosecond oscillator|[p 1

Synchronization

LD

LD
Prmax=500 mW

2mW, 2 ps, 35 MHz

ps NOPA seed

Fig. 2. Principle scheme of picosecond all-in-fiber laser. Passively mode-locked fiber
oscillator generated 2 ps pulses which were divided into two branches. In one branch
narrowband and chirped pulses were formed in order to seed the DPSS regenerative amplifier.
The other branch was used for broadband (~14 nm) pulses formation which were later
amplified parametrically, compressed to femtosecond duration and then used to generate
WLC.
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A passively mode-locked fiber oscillator generated 2 ps transform-limited pulses at
1064.15 nm central wavelength. Pulse duration and the central wavelength of the oscillator
were determined by reflectivity spectral profile of chirped fiber Bragg grating (CFBGI).
Stable single-pulse mode-locking regime at 35 MHz repetition rate was achieved using
semiconductor saturable absorber mirror (SESAM) as the end mirror of the resonator.

An Yb** doped polarization maintaining single-mode fiber was used as a gain medium
which was pumped with a 976 nm laser diode (LD) through the CFBGI. Fiber oscillator had
2 output ports realized by the 70/30 beamsplitter (BS) which was fusion spliced inside the
resonator. Photodetector connected to one port of the beamsplitter was used to synchronize
fiber laser with a regenerative amplifier. Average output power from the fiber oscillator was
2 mW.

Ultrafast pulses from the oscillator were amplified in Yb** doped fiber amplifier to 25
mW and then divided into two branches by 50/50 splitter. In the first branch pulses were
stretched to ~200 ps duration by a narrowband CFBG2 while back-reflected to 50/50 splitter
to RA seed output port (Fig. 3(a)). A resistive heater element was used to tune the central
wavelength of CFBG2 in order to match the seed spectrum to the gain maximum of the RA
(Fig. 3(a)). Stretched pulses then were amplified in Nd:YVO, regenerative amplifier and a
single pass Nd:YVO, booster operated at 1 kHz repetition rate to 11.5 mJ energy. The
spectral bandwidth and the duration of the amplified chirped pulse was approximately half
that of the input pulse due to gain narrowing effect in RA. The resulting duration of the
amplified OPCPA pump pulses was 98 ps as spectral narrowing of chirped pulses results in
pulse shortening (Fig. 3(b)).

——RA seed spectrum
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Fig. 3. (a) Spectrum of the regenerative Nd:YVO, amplifier seed pulse: red line corresponds
to measured RA output spectrum; (b) Autocorrelation trace of the regenerative amplifier
output pulses. The retrieved pulse duration was 98 ps at FWHM when fitted with Gaussian
function.

The second branch of the fiber laser was used as a seed for generation of WLC. At the
beginning, pulses were amplified to 2 nJ energy in Yb*" doped fiber amplifier (Fig. 2). After
the amplification pulse spectrum due to self-phase modulation (SPM) was broadened to ~14
nm in a single-mode polarization-maintaining fiber (Fig. 4(a)). Then, pulses were stretched to
125 ps by a broadband CFBG3. The CFBG3 was designed in such a way that cumulative
second and third order dispersion of the CFBG3 and of the nonlinear fiber was compensated
by the grating compressor to achieve shorter pulse duration and better contrast. After CFBG3
stretcher pulses were amplified in another fiber amplifier to 350 mW (10 nJ pulse energy)
and directed to a non-collinear optical parametric amplifier (NOPA).
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Fig. 4. (a) Spectrum of the NOPA seed pulses; (b) Autocorrelation trace of the compressed
pulses used to generate WLC. The retrieved compressed pulse duration was 325 fs at FWHM
when fitted with Gaussian function.

Pulses from DPSS laser were frequency doubled with 74% conversion efficiency (8.5
mJ@532 nm) in 6 mm length LBO crystal. Then the second harmonic pulses were split to
two parts — the first was used as NOPA pump. 7 mm type I BBO picosecond NOPA crystal
(phase matching angle 6 =23°) was pumped by 2.5 mJ at 532 nm wavelength and produced
190 pJ amplified signal pulse energy. The parametric amplification factor was 1.9-10* with
7.6% pump energy conversion to signal wave. The pulse-to-pulse energy stability of the
amplified signal measuring every pulse during 15 s period was ~0.6% rms which was
comparable to the pump pulse stability which demonstrates that the parametric amplifier was
working close to saturation regime. The ratio of the signal and pump pulse duration was set
to ~1.25 aiming to achieve high amplification efficiency and to apodize the oscillatory
spectrum structure (Fig. 4(a)) caused by SPM in fiber and improve compressed pulse
contrast. After first NOPA stage, pulses were compressed down to 325 fs duration (Fig. 4(b))
in a diffraction grating compressor. 1600 grooves/mm transmission diffraction gratings
working in Littrow configuration were used. The efficiency of the compressor was 63%.

e fs NOPA - few cycle regime
= fs NOPA - wavelength-tunable regime
[ White light continuum
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» o (-]

o
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o
=)
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Fig. 5. White light continuum generated in 5 mm Sapphire plate (grey curve), femtosecond
NOPA output in a few cycle regime (red curve) and wavelength-tunable regime (blue curve).
In order to remove 1064 nm radiation longer wavelengths (>960nm) were filtered using short-
pass filter.
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A small part (~1 pJ) of the parametrically amplified and compressed pulses was focused
on a 5 mm sapphire plate to generate WLC (Fig. 5, gray shaded area). Focusing conditions
and pulse energy were chosen to produce smooth and stable WLC. The remaining energy
(115 pJ) was frequency doubled in a 2.5 mm thick BBO crystal with a ~57% efficiency (65
W @532 nm) and later used as a pump for femtosecond NOPA. Parametric amplification was
realized in a 1.2 mm thick BBO crystal (type I) at a phase matching angle 6 = 24° and a non-
collinearity angle o =2.4° in order to reach the broadest amplification bandwidth [9,20]. The
spot size of the pump beam in the crystal was adjusted to achieve the highest intensity but
avoiding significant generation of the parametric fluorescence.
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Fig. 6. The results of pulse characterization after a non-collinear parametric amplification of a
broadband supercontinuum seed and dispersion compensation with a prism compressor. The
measurement was realized using chirpscan method: (a) experimentally measured chirpscan
trace; (b) numerically retrieved chirpscan trace; (c) retrieved pulse envelope compared with
transform-limited pulse; (d) measured and retrieved pulse spectra and retrieved spectral phase
(dashed green trace).

The broadband supercontinuum spanning from 700 to 1050 nm (Fig. 6(d)) was amplified
up to 2.5 pJ. In order to achieve shortest possible pulse duration from the femtosecond
NOPA, we had to compensate the material dispersion of the system. Although only reflective
optics were used after the WLC generation, pulses experienced temporal broadening passing
through the sapphire plate and BBO crystal. We used a fused silica prism compressor and a
pair of N-BK7 glass wedges for the fine tuning of the dispersion in the system. The chirpscan
method [21] was used to characterize output pulses. Chirpscan diagrams and retrieved pulse
envelope (red curve) are shown in Fig. 6. Obtained pulse duration at FWHM was 8.5 fs
compared to 7.9 fs transform-limited pulse duration corresponding to the measured spectrum
(Fig. 6(d)).

The next aim of this experimental work was to realize a wavelength-tunable OPCPA. In
order to achieve this, WLC pulses were stretched to ~1.2 ps in 10 mm thickness SF10 glass
block. Wavelength tuning was performed by varying the delay between the pump and the
chirped signal pulses in the femtosecond NOPA stage. Close to 300 fs duration pump pulse
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was slicing stretched WLC pulses during amplification in NOPA crystal and limiting their
bandwidth. Pre-chirped WLC was amplified up to 8 pJ energy and spectrum of the pulses
corresponded to ~30 fs transform-limited pulse duration (Fig. 5, blue curve). The tuning
range of NOPA output pulses was 670-1000 nm, and was limited by the amplification
bandwidth of BBO crystal at phase matching conditions described before.

For further amplification in the OPCPA stage, pulses were stretched to the duration of 40
ps by diffraction grating stretcher in Treacy configuration [22]. We used 1500 grooves/mm
density diffraction gratings. The efficiency of the stretcher was ~85%. Stretched pulse
duration was chosen in order to optimize efficiency and bandwidth of the amplifier [23].
BBO crystal (type I) with the length of 7 mm was used for the OPCPA amplifier. Pulses were
amplified up to 1 mJ energy by using 5 mJ 100 ps frequency doubled pump pulses from
DPSS laser. Amplified pulse-to-pulse energy stability was 0.5% rms measuring every pulse
during 15 s period. Offner-type compressor [24] with ~85% efficiency was used to
recompress pulses after the amplification. The compressor consisted of one 1500
grooves/mm diffraction grating and two spherical concentric silver coated mirrors. The first
mirror was concave (ROC = 500 mm) and the second was convex (ROC = -250 mm). When
beam incidence angle to the diffraction grating of Offner compressor is equal to the one of
Treacy stretcher, this stretcher-compressor tandem is self-compensating for all orders of
dispersion [24,25].

The output spectra from the OPCPA at different central wavelengths are shown in Fig.
7(a). For each central wavelength the distance between the diffraction grating and the
concave mirror in Offner-type compressor was optimized to achieve the shortest pulse
duration. The pulses were characterized using multiple-shot SHG FROG autocorrelator.
Mechanical construction of our experimental setup limited the pulse duration and contrast
achieved throughout the full range of wavelength tuning (Fig. 7(b)).

1.0 705 nm, TL=35fs, 1, =40 fs
——720nm, TL=28 s, 1,=33 fs
(a) 10r (b) \ ——750nm, TL=31fs,,=36 fs
0.8 ——800 nm, TL=32 fs, 1,40 fs
= 08f ——860 nm, TL=391s, 1,=70 fs
B o6 =
© .6 - =
= o 0.6
g e
0.4} [
S L
g g 0.4
o
0.2 0.2t
0.0 2 s 00 e
640 680 720 760 800 840 880 920 960 -250-200-150-100 -50 0 50 100 150 200 250
A (nm) t(fs)

Fig. 7. (a) Pulse spectra at the OPCPA system output when performing wavelength tuning; (b)
experimentally measured autocorrelation traces of the compressed pulses at different central
wavelengths. The pulse duration was calculated at FWHM assuming Gaussian deconvolution
parameter (~1.41). The legend shows the measured pulse duration (tv) compared with
transform limit calculated from the pulse spectrum.

There was no possibility to properly align and equalize the critical geometric parameters
of pulse stretcher and compressor performing the wavelength tuning at the same time. Such
misalignment caused pulse phase distortions due to the third order residual dispersion which
can be clearly seen from the autocorrelation trace at 860 nm (Fig. 7(b)) where the measured
pulse duration was nearly twice longer than the transform limit and had characteristic
pedestal indicating uncompensated third order dispersion. The stretcher-compressor scheme
will be optimized in near future and should lead to compressed pulse duration of less than 40
fs in the whole tuning range.

In this experiment the alignment of pulse stretcher and compressor was optimized to
achieve shortest pulse duration in the central wavelength range of 705-800 nm. The measured
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pulse durations in this range were less than 40 fs and close to the transform limit calculated
from the pulse spectra (28-35 fs). We performed retrieval calculations of the pulse envelope
using FROG algorithm [26] for the measurement at 750 nm central wavelength (Fig. 8). The
FROG retrieval error was 0.38% on a 256 x 256 grid. The pulse duration calculated from the
autocorrelation trace and FROG retrieval were identical and equal to 36 fs. As it can be seen
from the Fig. 8, small amount of residual phase was still present after the optimization of the
compressor which resulted in an asymmetrical tail at the trailing edge of the pulse.
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Fig. 8. Envelope of the compressed pulse retrieved from SHG FROG measurement at ko = 750
nm compared with transform-limited pulse calculated from the measured spectrum. Inset -
measured pulse spectrum compared with retrieved spectrum and retrieved spectral phase
(dashed green trace).

In order to characterize the beam quality at the output of the system, we measured the
beam radius versus the distance from the beam waist. At low amplified pulse energy (<0.3
mJ) the beam quality parameter M? was 1.21 (Fig. 9(a)). At the highest achievable pulse
energy the beam quality got worse (M* = 1.52) (Fig. 9(b)) likely due to parametric back-
conversion at the peak of Gaussian beam in the BBO crystal.
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Fig. 9. 46 beam radius at the system output versus distance from the waist location measured
(a) at low output pulse energy (<0.3 mJ) and (b) at the highest achievable pulse energy at the
system output (0.85 mJ); (c) beam profiles at the plane of OPCPA crystal at 0.3 mJ and 0.85
mJ amplified pulse energies.
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This effect was verified by measuring amplified signal beam profile at the plane of BBO
crystal perpendicular to propagation axis using 4-f imaging lens system (Fig. 9(c)). At the
maximum pump intensity the peak of the beam profile shifted from the beam center due to
parametric back-conversion and walk-off.

3. Conclusions

We have developed a compact femtosecond tunable OPCPA system with a picosecond all-in-
fiber seed laser and a picosecond DPSS pump laser. Pulses from fiber laser were spectrally
broadened in optical fiber, parametrically amplified, compressed to femtosecond duration
and then used to generate white light supercontinuum signal which was amplified in a
femtosecond broadband non-collinear optical parametric amplifier and compressed down to
8.5 fs. This corresponded to 3 optical cycles and nearly transform-limited pulse duration.

After OPCPA amplifier and compressor we obtained high spatio-temporal quality pulses
with energy up to 0.85 mJ and pulse duration down to 40 fs. In this case the wavelength
tunability in the spectral range of 680-930 nm was experimentally demonstrated.

This concept opens a path for the development of compact femtosecond high energy
tunable hybrid laser systems, incorporating advantages of fiber and solid-state laser
technologies, which may be adopted in a variety of ultrafast laser applications.
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Abstract: We present a high peak and average power optical parametric chirped pulse
amplification system driven by diode-pumped Yb:KGW and Nd:YAG lasers running at 1 kHz
repetition rate. The advanced architecture of the system allows us to achieve >53 W average
power combined with 5.5 TW peak power, along with sub-220 mrad CEP stability and sub-9fs
pulse duration at a center wavelength around 880 nm. Broadband, background-free, passively
CEP stabilized seed pulses are produced in a series of cascaded optical parametric amplifiers
pumped by the Yb:KGW laser, while a diode-pumped Nd:YAG laser system provides multi-mJ
pump pulses for power amplification stages. Excellent stability of output parameters over 16
hours of continuous operation is demonstrated.

© 2017 Optical Society of America

OCI S codes: (190.4970) Parametric oscillators and amplifiers; (230.4320) Nonlinear optical devices; (140.3280) Laser
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1. Introduction

Optical parametric chirped pulse amplification (OPCPA), first demonstrated in 1992 [1], is
becoming the standard technique for producing few cycle, high intensity pulses for attosecond
science and high field experiments [2]. So far, the dominant technology for generation of
intense pulses with durations down to the near-single-cycle regime has been nonlinear pulse
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compression in gas-filled capillaries [3, 4]. Although scaling of this approach to 216 W of
average power has been demonstrated [5], the output energy from hollow fiber compressors
is limited to a few mJ [6, 7] due to limited aperture of the capillaries. On the other hand,
multimilijoule, CEP stabilized pulses with TW-level peak powers can be produced by advanced
Ti:sapphire systems, but the pulse duration is on the order of 25 fs [8]. OPCPA schemes based
on BBO crystals pumped by the second harmonic of lasers operating at 1um have been
demonstrated to be capable of reaching TW peak power in low repetition rate flashlamp pumped
systems [9-11], and produce few cycle pulses with much lower pulse energies, but at average
power up to 22 W, when pumped by fiber-based lasers [12]. The recent massive improvements
in the quality and availability of diode-pumped, high average power solid-state lasers [2,13-19],
providing multimillijoule pulses for OPCPA pumping at >1 kHz repetition rates allows boosting
the average powers of few cycle TW-scale OPCPA system to the range of tens of watts.

Alongside peak and average power, pulse temporal contrast is an extremely important
parameter that must be controlled in strong field experiments. In terms of output pulse contrast,
OPCPA is advantageous to traditional chirped pulse amplification systems because of the
instantaneous nature of the process, which limits amplification to the temporal window defined
by the pump pulse. However, it has been noted in the literature that if the OPCPA seed pulse
is contaminated by amplified spontaneous emission (ASE), the ASE background is amplified
along with the signal within the temporal window of the pump pulse [11]. Furthermore, the
contrast of OPCPA output is always degraded by amplified parametric fluorescence (APF).
Although APF is inevitable in a parametric amplifier, its level can be reduced by careful design
of high-gain amplification stages [20], optimizing seed and pump pulse durations [21], using
higher energy seed pulses, and employing nonlinear pulse cleaning techniques [11,22]. Carrier
envelope phase (CEP) control is another essential prerequisite for a number of the few cycle
laser applications in strong-field research, in particular for experiments on generation of isolated
atosecond pulses. Nowadays, both active and passive CEP stabilization are well established
techniques providing CEP control in different types of laser systems. However, only a few CEP
stable few cycle OPCPA systems producing CEP-stable pulses with energies exceeding 1 mJ
have been reported [23,24].

In this paper we present an OPCPA system consisting of femtosecond and picosecond
noncollinear parametric amplifiers seeded by passively stabilized broadband pulses from a
continuum generator. The system delivers sub-3-cycle, 53.8mJ pulses, centered at 880 nm.
Using a diode-pumped Nd:YAG laser system as the pump source allows us to produce these
pulses at 1 kHz repetition rate, corresponding to >53 W average power. We show how several
improvements to the well-known OPCPA scheme based on BBO crystals pumped at 532 nm
allow us to combine the few-cycle pulse duration and multi-TW peak power with passive, sub-
220 mrad CEP noise, high temporal contrast, and excellent long-term stability. To the best of
our knowledge, the system described here delivers the highest average power currently achieved
among CEP-stabilized, few-cycle, TW-class laser systems.

2. OPCPA setup

The layout of the OPCPA setup is presented in Fig. 1. The system consists of a front-end
based on a commercial industrial-grade femtosecond Yb:KGW laser (Pharos, Light Conversion
Ltd.), a specially designed diode-pumped Nd:YAG picosecond pump laser (Ekspla UAB), and
4 picosecond OPCPA stages, preceded by a seed pulse stretcher (grism pair + acoustooptic
programmable dispersive filter) and followed by a compressor (bulk glasses and positive GDD
chirped mirrors).

The design of the femtosecond front-end is based on our previous setup described in detail
in [25]. Passively CEP stabilized pulses [26] at 1.5 um are produced by generating the difference
frequency between frequency doubled Yb:KGW laser pulses and the long-wave wing of a
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Fig. 1. Schematic drawing of the OPCPA system. Osc.: oscillator; RA: regenerative
amplifier; SHG: second harmonic generator; WLG: white light generator; NOPA:
noncollinear optical parametric amplifier; OPCPA: optical parametric chirped pulse
amplifier; AOPDF: acousto-optic programmable dispersive filter

continuum produced by the second harmonic of Yb:KGW laser pulses. The difference frequency
(DF) pulses are focused into a sapphire plate to generate a CEP stabilized continuum, whose
short-wave wing is amplified in two noncollinear optical parametric amplification (NOPA)
stages pumped by the major part of the Yb:KGW regenerative amplifier (RA) output energy.
All three-wave mixing stages are realized in BBO crystals. Although a broader gain bandwidth
can be achieved with BBO crystals pumped at 515 nm, the fs NOPA is optimized to maximize
energy transfer to the 700 nm — 1100 nm range, compatible with the picosecond amplification
stages pumped at 532 nm. The front-end output energy is 80 wJ. Short-term CEP noise of the
front-end was measured to be below 100 mrad.

Figure 2 shows a simplified schematic drawing of the picosecond pump laser (PPL), which is
based on Nd:YAG active material. The PPL is seeded by the Yb:KGW master oscillator, which
enables straightforward pump-seed synchronization for the OPCPA. The oscillator is optimized
to provide ~ 50 pJ energy within the amplification band of Nd:YAG. This is sufficient to reliably
seed the first Nd:YAG-based regenerative amplifier (RA1), in which the oscillator pulses are
amplified to ~ 100 uJ and stretched to 95 ps. Output of RAL is split in equal parts to seed three
more regenerative amplifiers (RA2-RA4), each producing 1.8 mJ pulses.

RA2 output pulses are directed to a pulse envelope shaper based on cascaded second
harmonic generation [27]. The shaped pulses are amplified to 10 mJ in a diode pumped power
amplifier, and frequency doubled in a 12mm type | LBO crystal (SH1), providing 6 mJ at
532nm. The SH1 pulse features an intensity plateau, extending over 100 ps. The flattened
temporal pulse profile, measured with a streak camera (C5680, Hamamatsu Photonics) is shown
in Fig. 3(a). Meanwhile, the beam profile remains nearly Gaussian, as shown in Fig. 3(b). The
pulse shaper is operated at ~ 50% pump depletion, as our research has indicated that around
this value the pulse shape is the most robust against minor variations of input parameters. All
nonlinear crystals in the pump laser are held in temperature-controlled ovens to maintain stable
phase matching and prevent crystal degradation due to moisture condensation.

Gaussian output beams from the other two regenerative power amplifiers are converted to
super-Gaussian beams using spatially variable beam shapers [28], and directed to two identical
power amplifier chains. The amplifier chains are comprised of five quasi-continuous-wave diode
side-pumped laser modules (Northrop Grumman Ltd) with 76 mm long Nd:YAG laser rods.
The PPL amplifier chains are described in detail in [28]. Outputs from first amplifier chain are
collinearly combined in an LBO crystal for type Il second harmonic generation, providing Beam
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3 with 120mJ pulse energy (see Fig. 2). The length of the SH crystal was chosen to maintain the
temporal shape of the residual fundamental beam similar to that of Beam 1. This residual beam
is frequency doubled once more, providing Beam 2 with an energy of 60mJ and a flattened
temporal shape. Meanwhile, outputs from the second amplifier chain are combined in a type 11
LBO crystal for non-collinear second harmonic generation, providing Beam 4 with 150 mJ of
energy. The noncollinear configuration simplifies the separation of the second harmonic from
the fundamental, avoiding the use of dichroic optics in the highest energy beam. Beams 2, 3 and
4 possess super-Gaussian (roughly 12t order) spatial profiles (see Fig. 3(c)). The combined
power of the 532 nm outputs exceeds 300 W, while energy noise amounts to ~ 0.5% RMS in all
channels. The configuration of the picosecond pump laser with four different output channels is
well suited for OPCPA pumping, because the temporally flattened pulses in the first two output
channels help to maintain a broad signal spectrum in the high-gain OPCPA stages, while the
super-Gaussian spatial profiles of beams 2-4 ensure efficient energy extraction in the low gain,
power amplifier-type OPCPA stages.

Power amplifier chain 2
#6x76mm @g6x76mm :130m] Beam 4
4 SH4 150mJ
tme . Beam #5x76mm #6X76mm @6x76mm
1 shaper < 130mJ time
Power amplifier chain 1
/ #6X76mm @g6x76mm 130m3
From Yb:KGW osc. time
#5x76mm #6x76mm  @6x76mm SH3 SH2
N e e A e

time. time.

Beam 1 Beam 3 Beam 2
A 6mJ 120m)  60mJ

Fig. 2. Simplified schematic drawing of the picosecond pump laser. RAL ... RA4:
regenerative amplifiers; SH1 ... SH4: second harmonic crystals
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Fig. 3. Parameters of the picosecond pump laser. (a) Temporal profiles of Beam 1 and
Beam 3; (b) spatial profile of Beam 1; (c) spatial profile of Beam 3

The seed pulses are stretched to ~ 65 ps in a negative dispersion grism stretcher [29]. An
acousto-optical programmable dispersive filter (AOPDF; Dazzler, Fastlite) is used for fine
control of the spectral phase and compensation of slow CEP drift. After the stretcher and
AOPDF, slightly more than 1uJ of energy remains for seeding the first picosecond OPCPA
stage. Type | phase matching and internal noncollinearity angle ~ 2.1° are chosen for the
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four BBO-based parametric amplification stages pumped by the picosecond Nd:YAG laser.
Due to the long duration of the Nd:YAG laser pulses and the correspondingly high seed pulse
stretching factor, the OPCPA system is not very sensitive to pump-seed timing jitter, and the
synchronization provided by seeding the seed and pump arms of the system from one master
oscillator is sufficient to avoid timing jitter-related effects. However, a slow feedback loop, op-
erating on a motorized delay line, had to be implemented to compensate for slow thermal drifts
of oscillator and regenerative amplifier cavity lengths, which introduce a pump-seed delay drift
on the scale of a few picoseconds per hour. At the output of the final amplification stage, signal
energies up to 67 mJ are measured, and bandwidth sufficient for < 9 fs pulses is maintained. The
pump beams for all picosecond stages are relay imaged from the pump laser, ensuring excellent
long-term stability and uniform beam profiles. The parameters of the picosecond amplification
stages are summarized in Table 1.

Table 1. Parameters of the picosecond amplification stages

Stage Epump |pump Esignal ‘T(Esignal) |Crys/al NMp-s
[mJ] [GW/cm?] | [mJ] [%] [mm] [%]

Seed - - 0.001 0.2 - -

1 5 6 0.22 2.2 6 3.98
2 54 4 7.5 0.9 6 135
3 102 3 33.8 0.8 4 25.7
4 67.5 0.75 2.5 24.6
4* 138 8 53.7 0.5 4 14.4

The energy conversion efficiency in the first two stages is low due to the long flat-top
pump pulse duration. Furthermore, the first stage is deliberately kept unsaturated to minimize
parametric fluorescence. The power amplifier stages are strongly saturated and show pump-to-
signal conversion 17, s ~ 25%. 2.5 mm and 4 mm crystals were tested for the final amplification
stage. Due to the high seed energy, gain saturation is easily reached even with the modest
pump intensity 1, ~ 3GWj/cm? and relatively thin 2.5 mm crystal. With the 4 mm crystal, the
efficiency is substantially degraded due to strong back-conversion. However, this improves the
energy stability o (Esignar), Which may be a desirable trade-off in some cases. The stability
values given in the table are the standard deviation (STD) of pulse energies sampled over 2
seconds (2000 shots). It is notable that even though there is strong back-conversion of energy
from the signal to the pump with the longer crystal, the beam profiles obtained in the two cases
were very similar. We attribute this to the highly uniform top-hat profiles of both signal and
pump beams.

The amplified signal beam is expanded to 70 mm diameter (1/€? level), reflected from a
deformable mirror (ILAO Star, Imagine Optic SA) and sent to a bulk glass compressor, where
the pulse is shortened to ~ 500 fs. The compressor consists of, in total, 350 mm of SF-57 and
100 mm of fused silica, all with a clear aperture 100 mm. Final compression to transform-limited
<9fs duration is performed with 8 positively chirped mirrors (Ultrafast Innovations) placed in
a vacuum chamber. When paired with the AOPDF, a single chirped mirror design produced
sufficiently good results, eliminating the need to use matched chirped mirror pairs. The total
throughput of the components after the final amplifier is ~ 80%, which yields an output of
53.8 mJ, corresponding to 5.5 TW peak power. Due to limited availability, we had to use several
FS windows to reach the required total length. This limits the efficiency of the compressor
quite severely; we estimate that replacing the numerous windows with a single FS block could
improve the transmission to 88%.

A reflection from an uncoated FS window before the vacuum chamber is sent to an array
of diagnostics, including measurements of pulse energy, duration, beam profile, CEP, pointing
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stability, and wavefront. The diagnostics path includes an identical set of chirped mirrors to
equalize GDD oscillations in the two beams. The energy available for diagnostics is ~ 1.5 mJ,
which allows us to generate the continuum required for CEP measurement simply in ambient
air.

3. OPCPA output parameters and long-term performance
3.1. Long-term stability of the femtosecond front-end

The reliability of the front-end is a crucial factor because most of the optimization work
cannot be performed during downtime of the front-end. Although passive CEP stabilization
eliminates the typically problematic step of CEP-stabilizing the laser oscillator, the passive
CEP stabilization module is still quite sensitive to input beam drift because of the tight focusing
required for producing and amplifying the long-wave wing of the 515 nm-pumped continuum.
Therefore, care was taken to minimize the physical dimensions of the CEP stabilization module
to make it mountable directly on the Yb:KGW laser assembly. As can be seen in Fig. 4, this
approach enables us to run the CEP stabilization module for more than a week without any
adjustments. We note that the signal beam of the DFG stage was used for this measurement;
however, it is well known that the energy of the DFG signal beam is directly related to the
energy of the idler beam. A two-point beam stabilization system after the fs NOPA ensures a
constant seed beam path through the stretcher, minimizing change of dispersion through days
of operation, even though the front-end and the stretcher are on different optical tables.
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Fig. 4. Passively CEP stabilized seed pulse generator output energy and energy stability
measured over a period of 12 days

3.2. OPCPA output characteristics

An overview of the output parameters of our system is given in Fig. 5. Although most of the
measurements discussed here were performed in the diagnostics beam, care was taken to check
that they correspond well to the parameters of the main beam.

Figure 5(a) shows a temporal pulse profile measured with a self-referenced spectral
interferometry (SRSI) device (Wizzler USP, Fastlite), and the corresponding pulse spectrum.
The envelope is virtually indistinguishable from the transform limited one. Roughly 3-cycle
pulse durations were also comfirmed with other pulse characterization methods (chirpscan [30]
and autocorrelation). We note that achieving this <8 fs pulse duration typically requires careful
optimization of the all parameters of the picosecond parametric amplification stages. As shown
later, the typical pulse duration achieved without special effort is <9 fs. The spectrum produced
by the femtosecond frontend is also shown for comparison in Fig. 5(b).

An exceptional feature of our system is the high output pulse contrast. A contrast measure-
ment, performed with a high dynamic range third order autocorrelator (Tundra, Ultrafast
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Innovations), is given in Fig. 5(c). The measured pre-pulse contrast in the <-20 ps delay range
is higher than 1011, limited by the dynamic range of the autocorrelator. Several factors allow for
such contrast. First, the seed pulse in our system is derived from a white light continuum (WLC)
pumped at 1.5 um. We use strong spectral filtering of the 1.5 um pulse to remove any parasitic
radiation before WLC generation. Although this does not attenuate parametric fluorescence
at the DF wavelength, any noise at this wavelength is well outside the transmission band of
the stretcher. Therefore, the continuum pulse is background-free. Although some parametric
fluorescence is generated in the femtosecond preamplifier, it is contained within a ~ 250 fs
temporal window defined by the Yb:KGW laser pulse duration, and therefore does not degrade
the temporal contrast on the picosecond timescale. Meanwhile, the seed energy reaching the
first picosecond stage is >1 wJ, which is orders of magnitude higher than the energy available
from Ti:sapphire oscillators, commonly used to seed OPCPA systems. Also favorable is the
tendency of Nd:YAG amplifiers to form a steep leading pulse edge, enabling us to delay the
pump pulses in a way that maximizes the pre-pulse contrast without losing output energy nor
bandwidth. We emphasize that this contrast is achieved without nonlinear pulse cleaning after
the amplification stages. We also note that, although the autocorrelator is specially adapted for
broadband pulses, the acceptance bandwidth of the nonlinear crystals used in the autocorrelator
is still too narrow for our system. Therefore, the intensity of the main peak is underestimated,
and the actual contrast values could be still higher by a factor of ~ 4.

An output beam profile, measured after the bulk compressor, is given in Fig. 5(d). As
in the pump beam, intensity modulation in the flat-top area of the beam is on the order of
several percent. The focusability of the OPCPA beam is evaluated by computing the far-field
beam profile from the beam intensity distribution and wavefront data measured with a Shack-
Hartmann sensor (HASO3-128, Imagine Optic SA). Although a Strehl ratio ~ 0.9 was measured
directly after the final ps amplification stage (before beam expansion and pulse compression),
a deformable mirror was required to maintain good output focusability due to imperfections of
the magnifying telescope and compressor glasses. With the deformable mirror, residual RMS
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wavefront error of < A/17 and Strehl ratio S = 0.89 are achieved (Figs. 5(¢) and 5(f)). The
faint ring around the main peak in Fig. 5(f) is a consequence of the top-hat beam profile. The
beam was also investigated for spatial chirp and angular dispersion, but no significant amounts
of either were found. Detailed measurements of the complete space-and-time dependent electric
field using the TERMITES method are planned in the near future.

3.3. Long-term OPCPA stability

To demonstrate the long-term stability of our system, we log the key output parameters during
a 16-hour run. The measurements are shown in Fig. 6. The displayed parameters are: pulse
energy E and its stability o-(E@%?)) (STD of 2000 shots), pulse duration tpwgas, f — 2f
interferogram, and CEP stability evaluated from the interferogram. The CEP stability graph in
Fig. 6(d) shows the STD of CEP values measured over a 10 minute temporal window. CEP is
calculated from spectra measured at 1 kHz. No averaging was performed. The mean values and
standard deviations of the experimental parameters are also indicated in the figure.
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Fig. 6. OPCPA output parameters measured during a 16-hour test run. (a) Pulse energy E
and STD of 2000 shots (b) Pulse duration gwgras (c) f —2f interferogram (d) CEP values
retrieved from the interferogram and CEP standard deviation over 10 minutes

Overall, 53.8mJ pulse energy, sub-9fs pulse duration, and sub-220 mrad CEP jitter was
maintained throughout the test. The stability values are among the best demonstrated for laser
systems of comparable peak and average power [8,19]. We note that automated feedback loops
had to be set up to correct slow drifts of CEP, output beam direction and OPCPA seed-pump
delay.

4. Conclusion and outlook

We have demonstrated an OPCPA system delivering sub-9fs, 53.8mJ near-IR pulses at a
repetition rate of 1 kHz, corresponding to >53 W average and 5.5 TW peak power. The advanced
design of the system enables us to also achieve excellent temporal contrast and maintain
<220 mrad CEP stability through multiple hours of operation. To the best of our knowledge,
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our system produces the highest average power among CEP-stabilized, multi-TW, few-cycle
OPCPA systems reported in the literature.

In the near future, an upgrade is planned, which is expected to enable generation of 6fs
pulses by adding LBO-based OPCPA stages to extend the spectrum to the long-wave side. The
upgraded laser system will be installed at the ELI-ALPS laser facility in Szeged, Hungary.
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Abstract We report the generation of octave-spanning
supercontinuum pulses in an arrangement of thin trans-
parent plates pumped by 60fs infrared pulses tunable
from 1.2pm to 1.75pm. We demonstrate that the mul-
tiple plate technique allows scaling up the energy of the
continuum to the level of hundreds of pJ, while avoid-
ing optical damage and beam breakup due to multiple
filamentation. We investigate the spatial and temporal
structure of the continuum by performing XFROG and
frequency-resolved angular spectra measurements and
confirm that the continuum wave packet is well-behaved
in time and space and possesses an estimated spectral
energy density in excess of 10nJ/nm throughout the
range, which exceeds that of continua generated in bulk
solids by more than two orders of magnitude. Finally, we
demonstrate for the first time that the carrier-envelope
phase stability of the multi-plate continuum is compara-
ble to that of a continuum generated in a bulk medium.

1 Introduction

Ever since the first observation in 1970 [1], supercontin-
uum generation has attracted significant research inter-
est both due to its wide applicability and the richness
of the physical processes involved [2,3]. Generation of
broadband and coherent radiation with smooth, multi-
octave-spanning spectra by ultrashort pulse filamenta-
tion in bulk solids pumped by variety of femtosecond
and picosecond pulse sources has been demonstrated [4—
8]. High shot-to-shot continuum waveform reproducibil-
ity when pumped with CEP-stabilized pulses [5,9] makes
the bulk continuum generators a valuable phase-locked
seed source for few-cycle optical parametric chirped-pulse
amplifiers (OPCPAs) operating in the near- and mid-IR
spectral range.

Although much effort has been directed to under-
standing and control of the continuum generation in
bulk media, it was evident that spatially and temporally

coherent continua could only be generated with input
pulse peak powers on the order of several critical pow-
ers for self-focusing, P... For femtosecond pulses, this
means that the input pulse energy is in the pJ level,
as above such energies the spatio-temporal coherence of
the generated continuum is lost due to multiple pulse
splitting and/or modulational instability [3,10]. Further-
more, because of the relatively low efficiency of the pro-
cess, continuum pulse energies are on the order of nano-
joules once residual pump radiation is filtered out [4].
Recently, a novel method for continuum generation was
demonstrated [11,12]. The method involves using sev-
eral properly separated thin transparent plates instead of
one continuous block of material to generate the contin-
uum. In this configuration the pulse spectrum broadens
sequentially in each plate and acquires nonlinear phase
sufficient for self-focusing. However, the locations of non-
linear foci, where the pulse intensity becomes extremely
high, are outside the solid medium and therefore the
coherence of the supercontinuum can be maintained at
pulse energies several hundred times higher as compared
to the case of traditional continuum generation in bulk
solids. The generation of > 70 pJ pulses with an octave-
spanning spectrum and good spatial mode quality in thin
silica plates pumped by Ti:sapphire laser pulses with
peak power exceeding 2800 P., for fused silica has been
reported [11]. So far, the longest pump wavelength con-
sidered for multi-plate spectral broadening in the litera-
ture has been 1030 nm|[13].

In this article, we explore the properties of continua
generated by pumping an array of thin transparent plates
with femtosecond pulses from an optical parametric am-
plifier, tuned from 1.2 pm to 1.75pm, with pulse powers
approaching 1000P., for fused silica. We demonstrate
that this technique allows generation of coherent con-
tinua smoothly covering up to two octaves with sev-
eral hundreds of pJ of energy. We evaluate the temporal
properties of the continuum pulse using XFROG and
analyze the far field spectral-angular distributions. Fur-
thermore, we evaluate the robustness of the continuum



against changes of parameters of the input pulse and the
generation setup. Finally, we compare, for the first time,
the carrier-envelope phase stability of the multiple plate
continuum to that of a continuum generated in a bulk
medium.

2 Spectral broadening in multiple thin plates

The experimental setup that we used to investigate multi-
plate continuum generation with IR wavelengths is shown
schematically in fig. 1. The IR pump pulses are ob-
tained from a commercial optical parametric amplifier
(HE Topas, Light Conversion) pumped by a Ti:Sapphire
laser system (Legend Elite HE, Coherent). The tuning
range of the signal wave of the parametric source is
1100 nm to 1600 nm. To access even longer wavelengths
in our experiments, we also use the idler wave at 1700 nm.
Throughout the tuning range, the pulses were found to

have near-Gaussian temporal profiles with nearly transform-

limited durations = 60fs and energies on the order of
1mJ. Pulse energy was controlled by means of 6 thin
fused silica plates inserted into the beam to induce reflec-
tion losses. The silica plates are distributed in two hold-
ers, which allow rotating the plate sets to tune the reflec-
tivity and, therefore, the transmitted energy. Continuum
is generated by focusing the input beam into a set of thin
fused silica and sapphire plates. Most experiments pre-
sented in this paper use energy around 350 pJ, which is
just below the energy required for a 1200 nm, 60 fs pulse
to critically self-focus in air. We tested sets of plates of
100, 200, and 500 pm thickness, out of which only the
200 pm plates were found to be suitable for multiplate
continuum generation with our chosen pulse energy. The
100 pm plates provided very limited spectral broadening,
while attemps to use the 500 pm plates consistently re-
sulted in the beam bursting into multiple filaments. The
distance between the plates has to be adjusted depend-
ing on the exact input parameters, but is typically on
the order of a few centimeters for the conditions consid-
ered here. The input beam diameter on the focusing mir-
ror was typically about 8 mm, and the focal length was
about 1 m. The input intensity on the first plate was es-
timated to be on the order of 10 TW-cm™2. At low input
energy, the transmittance of the plate setup was around
94%, with the 6% losses attributable mostly to imperfec-
tions of the polarization state of the input beam. In all
cases, saturation of spectral broadening and the gener-
ation of the short-wave plateau could be achieved with-
out a detectable change in transmittance. If the input
energy was increased still further after the short-wave
wing of the continuum had fully developed, up to 5%
ionization losses could be measured before optical dam-
age to the plates occured, although such over-pumping
typically resulted in continua with complex spatial and
temporal structures, which are beyond the scope of this

paper.
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Fig. 1 Experimental setup for continuum generation in mul-
tiple thin plates and characterization of its spectral-angular
distribution

Fig. 2 shows the variation of far field on-axis spec-
tra with plate number for different pump wavelengths.
With the addition of each plate, the pulse spectrum is in-
crementally broadened due to nonlinear self-action pro-
cesses. The positions of the plates are chosen by com-
promising between maximum spectral width after each
plate and avoiding both optical damage to the plates
and chaotic multiple pulse splitting or beam breakup,
which are most obviously manifested in strong periodic
modulations of the spectrum or the beam profile. For
all wavelengths, the spectral broadening seems to fol-
low the pattern of incremental bandwidth increase in
the first few plates, followed by a rapid spectral expan-
sion to the anti-Stokes side and the formation of a broad
blue-shifted spectral plateau, and finalized with the ap-
pearance of a peak on the short-wave side. This allows
us to infer that the dominant spectral broadening mech-
anisms in the first few plates are spatiotemporal self-
focusing and self-phase modulation [12]. With all pump
wavelengths, either the 4th or the 5th plate provides a
sudden, explosive boost to the high-frequency content of
the wavepacket. This is due to sequential pulse reshaping
caused by nonlinear phase accumulation at every pass
through the plate leading to pulse self-steepening and
shock front formation at the rear pulse front [14-16].
After the self-steepening stage, adding extra plates up
to 7 has a considerably smaller effect. Adding still more
plates (not shown) has no additional effect on the spec-
trum.

In general, the shape of the final spectrum is quite
consistent throughout the range of pump wavelengths.
The blue-shifted plateaus, ending with a broad peak in
the visible and a sharp cut-off, are reminiscent of con-
tinua generated in bulk solid media. The cut-off fre-
quency varies little with pump wavelength. However, for
all wavelengths, the exact wavelength of the blue-shifted
peak could be fine-tuned in the range of approximately
650 nm to 800 nm by adjusting the plate positions and/or
the pump energy (not shown).

Due to limited availability, we had to use a mix of
sapphire and fused silica plates to achieve saturation of
the continuum. However, we note that optical properties
such as zero dispersion wavelength, general strength of
dispersion and nonlinear optical index of these materials
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are quite similar in the wavelength range of interest. We
also stress that tests with different permutations of the
plates produced only very minor changes in the output
spectrum or optimal spacing of the plates, and therefore
we consider the sapphire and fused silica plates to be
close to equivalent for the purposes of this experiment.
All the results shown in fig. 2 were obtained with
pump energies in the narrow range of 320 uJ to 350 uJ.
Although determining the scaling laws of multi-plate
continuum generators is beyond the scope of this paper,
we note that we have obtained very similar continua with
both lower and higher pump energies. Our preliminary
results indicate that, if the plate thickness is kept the
same, lower pump energies require smaller plate separa-
tions and tighter focusing to achieve the same amount
of spectral broadening and conversion efficiency. For ex-
ample, with 100pJ pulses at 1200nm focused with a
mirror f = 250mm, the average plate separation was
~ 4mm. Although this was the minimum plate sep-
aration achievable with our opto-mechanical setup, it
is conceivable that even smaller pump energies could
be used with specially designed plate holders. On the
other hand, the maximum usable pulse energy is limited
by critical self-focusing in air. With appropriate plate
separations (= 7cm), we were able generate a contin-
uum with a spectrum very similar to that shown in fig.
2e) with up to ~ 820pJ pulses at 1700 nm. As could
be expected, filamentation between the plates occured
when even higher pulse energies were used. Filamenta-
tion between the plates started at lower pulse energies
with shorter driving wavelengths, approximately in ac-
cordance with the A\? scaling of critical power for self
focusing, for example, at 600 nJ and 500 pJ for pulses
centered at 1500 nm and 1400 nm, respectively.

3 Frequency-resolved angular spectra

It is widely known that self-focusing pulses undergo sig-
nificant spatiotemporal transformations, leading to spec-
tral inhomogeneity across the beam [3]. In the case of
a spectrally inhomogeneous beam, measuring a simple
scattered light spectrum may not provide sufficient infor-
mation for evaluating the properties of spectrally broad-
ened radiation. Therefore, we characterize the contin-
uum by measuring the frequency-resolved angular spec-
trum. In our setup, the frequency-resolved angular spec-
trum is measured by scanning an optical fiber (core di-
ameter 400 pm), mounted on a motorized translation
stage, across the focal plane of an f = 250 mm spher-
ical mirror located about 40 cm after the last plate. The
spot size in the focal plane was typically around 4 mm.
The lateral positions in the focal plane x were converted
to angles 6 using the simple relation § = x/f because
the angles are small.

The measured angular spectra are shown in fig. 3
a) through e), annotated with pump wavelengths and
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Fig. 2 Normalized spectral power densities of the multi-
plate continuum at different pump wavelengths: a) 1200 nm,
320pJ; b) 1300 nm, 350 nJ; ¢) 1400 nm, 350 pJ; d) 1500 nm,
350pJ; e) 1700 nm, 350 pJ. Solid vertical lines indicate the
pump wavelengths; colors indicate different numbers of plates

pulse energies. Several features of the angular spectra
are worth discussing. First, the highest divergence and
strongest ring structures are always observed around the
pump wavelength, as noted in [13]. Second, the wave-
lengths near the short-wave cut-off exhibit higher diver-
gence than the wavelengths between the cut-off and the
pump, in some cases even forking out to produce only
conical emission and no spectral intensity on the axis
(for example, around 700nm in spectra c) and d) ). Al-
though the exact angles and wavelengths are different,
this tendency is qualitatively similar to the results ob-
tained from the effective three wave mixing or interfer-
ence models for filaments in condensed media pumped
by IR wavelengths [17,18]. Finally, for all pump wave-
lengths, the near-axial angular components contain the
major part of of the energy. For example, the fraction of
the energy cointained within +3mrad is 65 & 7%, while
80 + 5% are contained in +4 mrad. Therefore, spatial
filtering in the Fourier plane could be used to obtain a
nearly spectrally homogeneous, single-mode beam with
tolerable energy losses.

The side panels of fig. 3 a) through e) show the in-
tegrated beam profiles of the continua and the pump
beams (without the plates). Comparing the continuum



beams and the pump beam leads to the conclusion that
the multi-plate continuum generation process reshapes
and cleans the spatial mode, as is also the case for con-
tinuum generation in other kinds of media [3].

Fig. 3f) shows spectra integrated over an angle of
+3mrad. The absolute spectral energy densities in fig.
3f) are estimated by equating the total integral of the
frequency-resolved angular spectra to the measured pulse
energy. It can be seen that the spectral energy density
of the visible part of the spectrum consistently exceeds
10nJ/nm, which is about two to three orders of magni-
tude higher than the values reported for continua pro-
duced in bulk media [4]. This leads us to estimate that
the energy of the visible part of the pulse spectrum is on
the order of a few pJ, which we have cross-verified to be
true by dispersing the beam with a prism and measuring
the power of the visible part. The separated wavelength
components around 500 nm, seen in fig. 3¢c) and d), are
already present in the pump beam before the plates, and
are irrelevant to the continuum generation.

4 Characterization of the continuum pulses

For temporal characterization of the continuum, we choose
the SFG-XFROG method [19]. The probe pulse required
for XFROG is obtained by inserting a thin fused silica
window with a small wedge angle (< 1°) into the pump
beam before the focusing mirror and taking the first re-
flection. Either the reflected beam itself or its second
harmonic is used as the probe, with the choice dictated
by the requirement to keep the SFG-XFROG signal in
the range of the visible spectrometer. The probe pulses
are characterized by SHG-FROG. The sum-frequency
XFROG signal is generated by overlapping the axial part
of the continuum beam with the probe beam in a 10 pm
BBO crystal.

Typical XFROG measurement results for continua
pumped at 1300, 1500 and 1700nm are shown in fig.
4. In all cases, the FROG retrieval error was smaller
than 0.6%. The measurements show smooth spectra with
smooth spectral phases, except for some modulations
in both spectral phase and intensity around the pump
wavelength, as is also the case for continuum generation
in bulk materials [4].

To analyze the continuum pulses better, one must
consider the distance the pulses had to travel in air
between the last plate and the nonlinear crystal used
for measurement. In our experiment, this distance was
2.2 m, which is non-negligible for such broadband pulses.
Therefore, we calculate the spectral phase shifts for the
spectral components of the pulses using the dispersion
relation from [20] and subtract them from the spectral
phases measured by XFROG. Figures 4d)-f) show the
spectrograms calculated for unprocessed XFROG mea-
surements, while 4g)-i) show the spectrograms calcu-
lated for pulses with air dispersion subtracted. The pro-
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Fig. 3 a) through e) spectral-angular distributions of con-
tinua generated in multiple thin plates with different pump
wavelengths; f) spectral energy densities integrated within
+3mrad. The side panels show the integrated beam profiles
of the continua, compared to the pump beam far-field profiles

cessed and unprocessed temporal pulse profiles are com-
pared in Fig. 4j)-1).

It is evident in all three measurements that during
continuum generation the pump pulse is split into two
subpulses, even though the splitting is not fully com-
plete in the case of 1300 nm. Spectral components with
frequencies lower than the pump are concentrated prefer-
entially in the leading sub-pulse, while higher frequencies
are contained in the trailing sub-pulse. Both subpulses
are considerably shorter than the pump pulses: after ac-
counting for the dispersion of air, the durations of the
leading pulses are &~ 15fs, while the trailing spikes ap-
pear to be as short as ~ 5-6fs. The rear fronts of the
leading pulses are much steeper than those on the front;
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Fig. 4 XFROG results for continua pumped at three differ-
ent wavelengths. a)-c) retrieved spectra and spectral phases;
spectra from fig. 3f) are also shown for comparison; d)-f)
spectrograms calculated for the measured pulses; g)-i) spec-
trograms calculated taking into account the dispersion of air;
j)-1) measured and calculated temporal pulse profiles (see
text)

this confirms that self-steepening plays a significant role
in the multi-plate continuum generation process.

By measuring the spectrally broadened pulses after
different numbers of plates (not shown), we have noticed
that the character and multiplicity of pulse splitting de-
pends quite sensitively on the plate separations. There-
fore, we tried to optimize the plate separations in such
a way that the continuum would be delivered in a single
pulse. However, we did not manage to find such a set of
plate positions, and it seems that, at least with our ex-

Spectral phase [rad]

Wavelength [zm]

Wavelength [;zm]

Table 1 Compressibility of the subpulses

Pump
wavelength 1300 nm 1500 nm 1700 nm

[ veprie (571) [ 0.22 [ 0.22 [ 0.19 |
AL, nm 1484 1700 1793
Wr, 52.2% 71.8% 74.5%
7L, 18 (Neyeles) 23 (4.6) 14 (2.5) 29.3 (4.9)
St 0.93 0.94 0.63
700, 15 (Teyeres) | 21.7 (4.4) | 13.9 (2.5) | 21.9 (3.6)
SLq 0.99 0.95 0.87
7Lt 18 (Neyetes) | 21.7 (4.4) | 13.6 (2.4) | 19.9 (3.3)
Ar, nm 1088 975 1144
Wr 47.8% 28.2% 25.5%
71, 15 (Negetes) | 11.7 (3.2) | 4.9(1.5) 11.0 (2.9)
St 0.43 0.71 0.3
710, 5 (Negeles) | 5.3 (1.4) | 4.2 (1.3) | 3.3 (0.9)
Stq 0.95 0.91 0.96
711, 5 (Neyetes) | 5.1 (1.4) | 4.1 (1.3) | 3.3 (0.9)

perimental conditions, at least one pulse splitting event
is unavoidable if broad spectra are to be achieved.

If one assumes that the multi-plate setup is placed in
vacuum and that an ideal dispersionless dichroic mirror
is available, the continuum could be split to two beams,
each delivering nearly transform-limited few-cycle pulses.
The potential leading and trailing subpulse parameters
after such an idealized spectral splitting are summa-
rized in table 1. The table has two sections: one for
the leading pulse and one for the trailing pulse. For all
pump wavelengths, the splitting frequencies that max-
imize the quality of both pulses have been chosen. For
cach leading or trailing pulse option, these parameters
have been computed: central wavelength A\j, or A, pulse
duration after spectral splitting 7, and 7, pulse du-
ration achievable with purely quadratic phase compen-
sation 77q, T7q, and transform-limited pulse durations
Tru and 7py. Furthermore, the corresponding Strehl ra-
tios (ratio of peak power achieved without compression
or with purely quadratic compression as compared to
perfect compression) Sy, St, S, and Srg have also
been computed. For convenience, the possible pulse du-
rations are expressed in both femtoseconds and optical
cycles. Also indicated is the frequency at which the spec-
trum would have to be split vi;, as well as the relative
part of the energy Wy, and Wy, contained in the lead-
ing and trailing subpulses, respectively. We emphasize
that the energy fractions should be interpreted taking
into account the fact that the pulse shapes were mea-
sured for the spectrally homogeneous central part of the
beam, which, as shown in the previous section, contains
approximately 65% of the total pulse energy.

Although the spectral phase shown in fig. 4a)-c) is
not strongly modulated, it still appears difficult to com-
pensate for all the spectrum at once without special-
ized optics or active pulse shapers. However, the spec-
tral phases of the two subpulses appear to be mostly



quadratic when taken independently. Table 1 confirms
that the trailing subpulse can be compressed to near-
single cycle durations with excellent pulse quality using
only quadratic phase compensation. Furthermore, while
the idealized dispersionless spectral splitter is unrealis-
tic, an ultrabroadband chirped mirror providing the re-
quired quadratic dispersion ~ —12fs* and a reflectance
range adequate for the trailing subpulse is certainly fea-
sible.

Overall, the main temporal features revealed in the
spectrograms - a two-pulse structure with a negatively
chirped relatively narrowband red-shifted pulse and a
shorter trailing pulse carrying most of the bandwidth -
are consistent in the three XFROG measurements pre-
sented here. The orderly spectral phases indicate that
the multi-plate continuum can be a useful seed source
for optical parametric amplifiers, while for certain ex-
periments, the self-compressed subpulses could be used
on their own.

5 Robustness and stability of the continuum

The high spectral energy density of the multi-plate con-
tinuum makes it an attractive light source for differ-
ent applications. However, if the multi-plate continuum
is to be used as part of a larger experimental setup,
it is vital to know the range of input parameters that
can be used to produce an approximately constant con-
tinuum spectrum. Furthermore, for many applications,
such as OPCPA seeding and attosecond pulse genera-
tion, shot-to-shot variations of pulse energy and carrier-
envelope phase are extremely important. Therefore, we
investigate these parameters in the sections below. Un-
less otherwise noted in the text, the measurements were
performed at 1.4um pump wavelength and an initial
pump energy of 350 p1J. Initially, the plate assembly was
placed so that the first plate was located about 5mm
behind the focus of the pump beam. The optimum dis-
tances d;; between adjacent plates number i and j were
found to be as follows: dis ~ 35mm, dy3 ~ 30mm,
d34 ~ d45 ~ d56 ~ 35mm and d67 ~ 45 mm.

5.1 Sensitivity to variation of input pulse energy

We evaluate the sensitivity of the continuum to the in-
put pulse energy by recording spectra at different input
pulse energies, selected by rotating the attenuator plates
before the focusing mirror. The results are shown in fig.
5. In the given measurement configuration, there was no
continuum generation observed at energies lower than
300 nJ, while energies above 390 1J resulted in spectra
with modulated blue-shifted plateaus, typically indica-
tive of pulse splitting. However, the plates were not dam-
aged up to 500 nJ.
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Fig. 5 Series of axial multi-plate continuum spectra
recorded at different input pulse energies

Overall, it is seen that smooth continua are generated
with pump energies between 300 pJ and 390 pJ. There-
fore, we conclude that the multiple plate continuum can
tolerate pump energy variations well above the level of
day-to-day drifts of contemporary high-quality femtosec-
ond laser systems.

5.2 Sensitivity to focus position

For this experiment, the plates were mounted on a bread-
board so that the whole set of plates could be translated
together along the beam propagation direction. We have
verified that the plates could be moved around the fo-
cal plane in a range of roughly +15cm (that is, both
before the focus and behind the focus) without signifi-
cant changes of the output spectrum, while the Rayleigh
range zp of the input beam was estimated to be around
7cm. For a Gaussian beam, a translation of ~ 2z cor-
responds to a roughly 5-fold decrease of input intensity.
It is interesting to compare this result to the tolerance
for change of input pulse energy and see that the input
intensity can be varied much more than the input energy
without severely affecting the output.

5.3 Shot-to-shot energy stability

Shot-to-shot energy stability is a key parameter for many
possible applications of continuum radiation. However,
the total integrated energy noise of the continuum may
not be a representative indicator of shot-to-shot stabil-
ity. Therefore, we instead investigate shot-to-shot energy
stability of the continuum by filtering it with different
interference filters and measuring the energy stability
for each spectral region separately. A Si photodiode was
used as the detector for wavelengths below 1pum, while
an InGaAs photodiode was used for longer wavelengths.

Energy stability measurements of a continuum pumped
by 350 nJ pulses centered at 1.4pm are given in fig. 6.
The measured stability of the pump radiation is shown
as a solid line. It can be seen that the relative energy
noise is < 1.5% for all wavelengths. It is also important
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Fig. 6 Evaluation of shot-to-shot energy stability of multi-
plate continuum pumped at 1400 nm

to note that at certain wavelengths the intensity noise is
considerably lower than that of the pump radiation. This
effect is related to the threshold-and-saturation nature
of the continuum generation process and is well known
in the case of continuum generation in continuous solid
media [4,21].

5.4 Sensitivity to change of pump wavelength

We have experimentally verified that we could maintain
approximately the same level of spectral broadening with
any wavelength in the tuning range of the signal wave
(I.1pm to 1.6 pm) without moving the plates, the only
necessary adjustment being a slight rotation of the at-
tenuator plates to compensate for the varying optical
parametric amplifier output energies at different wave-
lengths.

5.5 Sensitivity to plate spacing

An important condition for practical setups utilizing the
multi-plate continuum is the sensitivity of the generation
process to exact distances between the plates, because
the device could become extremely impracticable if all
the plates needed very precise positioning. While per-
forming the experiments, we noticed a particular pat-
tern of the response of the continuum to movement of
individual plates (meaning, once a starting configuration
is decided upon, all other plates are held fixed on the
table, while one is translated manually). As discussed
previously, the largest part of the spectrum is gener-
ated in one or two plates (typically one or two of plates
4/5/6). Essentially, only these plates have to be placed
precisely, while the others can be moved considerably
without affecting the spectrum. In our experiments, the
first plate could typically be moved several centimeters
with barely any noticeable changes to the output spec-
trum; plates 2-4 can also usually be moved up to 1 cm. In
the case of shorter driving wavelenghts, the movement
of the first plate is limited by optical damage. However,

if the pump wavelength was tuned to 1.75 um, we could
move the first plate up to almost 10cm with no risk
of optical damage and almost no change in the spec-
trum, even with pulse energies approaching 8001J. In
many different configurations, plates 2 to 4 could also be
moved individually by up to 1cm without significantly
affecting the output spectrum. The positions of plates
in which self-steepening is significant had to be adjusted
with millimeter precision to produce the best output sta-
bility and largest spectral broadening. It is worth point-
ing out that although the exact positions of the first few
plates plates are not critical, continuum generation stops
if any of the plates is removed.

5.6 Carrier-envelope phase stability

It has already been shown that the multiple plate con-
tinuum can be used to drive high harmonic generation
[22]. For this and other strong-field applications, it is im-
perative that the method does not significantly degrade
the carrier-envelope phase (CEP) stability of the input
pulses. However, CEP stability of the multiple plate con-
tinuum has not yet been explored in the literature.

To evaluate the CEP stability of the multiple plate
continuum, we switch to the passively CEP-stabilized
idler wave of the parametric amplifier, and tune the
wavelength to 1.75 pm. f — 2f interferometry is used to
determine the change of the CEP value over time [23].
We used a two f — 2f interferometer setup, where we
simultaneously measure the CEP of the pulses in the
XFROG probe arm separately by generating white light
in bulk fused silica and compare the results with an
f — 2f measurement of the multi-plate continuum. As
the multi-plate continuum spans more than one octave,
the measurement is easily performed by simply inserting
a second harmonic crystal and a polarizer into the beam
and observing the interference fringes with a spectrom-
eter. The results of co-temporal CEP measurements are
shown in fig. 7. The f —2f interferograms are composed
of single-shot spectra, measured at a rate of ~55 Hz.

Fig. 7c) shows the relatively large CEP drift mea-
sured by the two f — 2f interferometers. The origin of
the CEP drift was not examined in detail, as the setup
was generally not adequately isolated from disturbances
for CEP-sensitive measurements. However, the impor-
tant result is that the multi-plate continuum reproduces
the CEP drift almost identically to the bulk continuum,
which indicates that, with a suitably stable pump source
and controlled environment, the multi-plate continuum
could be used to produce ultrabroadband pulses with
stable CEP. On the other hand, the large drift makes
it difficult to compare the short-term CEP noise, there-
fore we examine the noise power spectra of the two CEP
measurements (fig. 7d) ). Comparing the noise spectra
reveals that the level of high frequency CEP noise is very
similar, indicating that the multi-plate continuum gen-
erator could in principle be used in any CEP sensitive
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Fig. 7 Parallel CEP measurement of the pump and high-
energy continuum pulses. a) conventional f — 2f interfer-
ogram of the pump pulses b) f — 2f interferogram of the
continuum c) Changes of the carrier-envelope phase ¢cg, as
extracted from the inteferograms d) Power spectral density
of the CEP noise

experimental setup instead of a bulk continuum genera-
tor with no penalty on CEP stability.

6 Conclusion and outlook

In conclusion, we have demonstrated generation of spa-
tially and temporally coherent continua spanning nearly

two octaves with spectral energy densities exceeding 10nJ/nm

by pumping an array of thin transparent plates with
60 fs, hundreds-of-pnJ level infrared pulses. Compared to
continua produced by filamentation in continuous solid
media, the spectral energy density of the multi-plate con-
tinuum is higher by two to three orders of magnitude,
while a lot of the other features of these two types of
continua are remarkably similar. The continuum pulses
exhibit strongly self-compressed features, which could be
separated from the rest of the pulse by spectral filtering,
allowing direct production of few-cycle pulses.

Our research has shown that the multiplate contin-
uum generator has considerable tolerance for changing
input parameters, and is comparable in shot-to-shot en-
ergy stability to other types of continua. Finally, we have
determined that the CEP stability of the multi-plate
continuum is comparable to that of the typical bulk con-
tinuum. All these results indicate that in some cases, the
multiplate continuum could be an interesting alternative
to other continuum generation techniques, for example,

Rimantas Budriunas et al.

when the spectral energy density provided by the con-
tinuum generated in bulk material would be inadequate,
or if a hollow fiber is not available.

In the future, we hope to explore the scalability of
the multi-plate approach to different regimes of input
pulse energy and duration in more detail, as well as the
applicability of the multi-plate continuum to various ap-
plications, such as OPA seeding.

7 Acknowledgement

This work was partially funded by Research Council of
Lithuania (Grant No. MIP-055/2014) and EU Seventh
Framework Programme (grant agreement No. 284464).

References

1. RR Alfano and SL Shapiro. Emission in the region 4000
to 7000 & via four-photon coupling in glass. Physical
Review Letters, 24(11):584, 1970.

2. Robert R Alfano et al. The supercontinuum laser source.
1989.

3. Arnaud Couairon and André Mysyrowicz. Femtosec-
ond filamentation in transparent media. Physics reports,
441(2):47-189, 2007.

4. M Bradler, P Baum, and E Riedle. Femtosecond contin-
uum generation in bulk laser host materials with sub-pxj
pump pulses. Applied Physics B, 97(3):561-574, 2009.

5. F Silva, DR Austin, A Thai, M Baudisch, M Hemmer,
D Faccio, A Couairon, and J Biegert. Multi-octave super-
continuum generation from mid-infrared filamentation in
a bulk crystal. Nature communications, 3:807, 2012.

6. Julius Darginavicius, Donatas Majus, Vytautas Jukna,
Nail Garejev, Gintaras Valiulis, Arnaud Couairon, and
Audrius Dubietis. Ultrabroadband supercontinuum
and third-harmonic generation in bulk solids with two
optical-cycle carrier-envelope phase-stable pulses at 2
pum. Optics express, 21(21):25210-25220, 2013.

7. Houkun Liang, Peter Krogen, Ross Grynko, Ondrej No-
vak, Chun-Lin Chang, Gregory J Stein, Darshana Weer-
awarne, Bonggu Shim, Franz X Kéartner, and Kyung-Han
Hong. Three-octave-spanning supercontinuum genera-
tion and sub-two-cycle self-compression of mid-infrared
filaments in dielectrics. Optics letters, 40(6):1069-1072,
2015.

8. AA Lanin, AA Voronin, EA Stepanov, AB Fedotov, and
AM Zheltikov. Multioctave, 3-18 pm sub-two-cycle su-
percontinua from self-compressing, self-focusing soliton
transients ina solid Optics letters, 40(6) 974-977, 2015.
iron, and A Dubletls‘ Carrler envelope phase-stable spa-
tiotemporal light bullets. Optics letters, 40(16):3719—
3722, 2015.

10. L Bergé, S Mauger, and S Skupin. Multifilamentation
of powerful optical pulses in silica. Physical Review A,
81(1):013817, 2010.

11. Chih-Hsuan Lu, Yu-Jung Tsou, Hong-Yu Chen, Bo-Han
Chen, Yu-Chen Cheng, Shang-Da Yang, Ming-Chang
Chen, Chia-Chen Hsu, and A. H. Kung. Generation
of intense supercontinuum in condensed media. Optica,
1(6):400-406, Dec 2014.



High-energy continuum generation in an array of thin plates pumped by tunable femtosecond IR pulses

12. Yu-Chen Cheng, Chih-Hsuan Lu, Yuan-Yao Lin, and
A. H. Kung. Supercontinuum generation in a multi-plate
medium. Opt. Ezpress, 24(7):7224-7231, Apr 2016.

13. Marcus Seidel, Gunnar Arisholm, Jonathan Brons,
Vladimir Pervak, and Oleg Pronin. All solid-state spec-
tral broadening: an average and peak power scalable
method for compression of ultrashort pulses. Opt. Ez-
press, 24(9):9412-9428, May 2016.

14. Joshua E Rothenberg. Space-time focusing: break-
down of the slowly varying envelope approximation in
the self-focusing of femtosecond pulses. Optics Letters,
17(19):1340-1342, 1992.

15. Jinendra K Ranka and Alexander L Gaeta. Breakdown
of the slowly varying envelope approximation in the self-
focusing of ultrashort pulses. Optics Letters, 23(7):534—
536, 1998.

16. SA  Frolov, VI Trunov, VE Leshchenko, and
EV Pestryakov.  Multi-octave supercontinuum gen-
eration with ir radiation filamentation in transparent
solid-state media. Applied Physics B, 122(5):1-7, 2016.

17. Miroslav Kolesik, Ewan M Wright, and Jerome V
Moloney. Interpretation of the spectrally resolved far
field of femtosecond pulses propagating in bulk nonlinear
dispersive media. Optics Express, 13(26):10729-10741,
2005.

18. AE Dormidonov and VP Kandidov. Interference model
of femtosecond laser pulse conical emission in dispersive
medium. Laser Physics, 19(10):1993-2001, 2009.

19. Rick Trebino. Frequency-resolved optical gating: the mea-
surement of ultrashort laser pulses. Springer Science &
Business Media, 2012.

20. Edson R Peck and Kaye Reeder. Dispersion of air. JOSA,
62(8):958-962, 1972.

21. SV Chekalin, AE Dokukina, AE Dormidonov, VO Kom-
panets, EO Smetanina, and VP Kandidov. Light bul-
lets from a femtosecond filament. Journal of Physics
B: Atomic, Molecular and Optical Physics, 48(9):094008,
2015.

22. C. H. Lu, Y. J. Tsou, H. Y. Chen, B. H. Chen, Y. C.
Cheng, P. C. Huang, S. D. Yang, M. C. Chen, C. C.
Hsu, and A. H. Kung. Generation of intense supercon-
tinuum in condensed media. In 2015 European Confer-
ence on Lasers and FElectro-Optics - European Quantum
Electronics Conference, page CF31. Optical Society of
America, 2015.

23. Masayuki Kakehata, Hideyuki Takada, Yohei Kobayashi,
Kenji Torizuka, Yoshihiko Fujihira, Tetsuya Homma, and
Hideo Takahashi. Single-shot measurement of carrier-
envelope phase changes by spectral interferometry. Op-
tics Letters, 26(18):1436-1438, 2001.



VII PUBLIKACIJA

Supercontinuum generation and
soliton self-compression in

¥ (2)-structured KTiOPO,

A.-L. Viotti, R. Lindberg, A. Zukauskas, R. Budritinas, D.
Kudinskas, T. Stanislauskas, F. Laurell, V. Pasidkevidius

Optica 5(6), 711 (2018)

Perspausdinta su The Optical Society leidimu.
© The Optical Society.

216



Vol. 5, No. 6 / June 2018 / Optica 711

Check for
updates

Supercontinuum generation and soliton self-
compression in y®?-structured KTiOPO,

ANNE-Lise ViotTi,"* ® RoBerT LINDBERG,' ANDRIUS ZUKAUSKAS,' RimanTAs Bubriunas,?®
Dainius Kucinskas,?® Tomas StaNisLAuskas,® FREDRIK LAURELL,' AND VALDAs Pasiskevicius'

'Department of Applied Physics, Royal Institute of Technology, Roslagstullsbacken 21, 10691 Stockholm, Sweden
2Vilnius University Laser Research Center, 10 Sauletekio Ave., LT-10222 Vilnius, Lithuania

SLight Conversion Ltd., 2B Keramiku St., LT-10223 Vilnius, Lithuania

*Corresponding author: alviotti@kth.se

Received 31 January 2018; revised 25 April 2018; accepted 30 April 2018 (Doc. ID 321180); published 29 May 2018

Ultrafast sources in the mid-IR are indispensable research tools for spectroscopic and medical applications and can
also potentially be used to generate attosecond pulses. We investigated a route to directly achieve self-compressed
supercontinuum pulses with an octave-exceeding spectrum extending into the mid-IR by employing self-defocusing
nonlinearities obtained through cascaded y® interactions in domain-structured ferroelectrics. A model was developed
based on a single-wave nonlinear envelope equation that accounts for cascaded ¥® nonlinearities, the native Kerr
response from the third-order nonlinear polarization, and the delayed Raman response. Experimental validation of the
model was carried out by using an in-house fabricated, periodically poled, Rb-doped KTiOPOy crystal with a period
of 36 pm. A supercontinuum spectrum spanning from 1.1 to 2.7 pm was achieved, as well as self-compression down to
18.6 fs, from a 128 fs pump pulse at 1.52 pm. Using the actual pump pulse and sample parameters, excellent agree-
ment was reached between the model and the experimental results, thus proving the validity of the model. As
periodically poled KTiOPO, can be obtained with large apertures, this approach is energy scalable and hence prom-

ising for future development in the field.
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1. INTRODUCTION

Generating octave-spanning supercontinua in the mid-IR is
highly desirable for seeding optical parametric amplifiers
(OPAs), for carrier-envelope phase stabilization, and for broad-
band spectroscopic applications [1—4]. However, exploiting
self-phase modulation (SPM) in large-bandgap dielectric materials
is difficult at longer wavelengths, as the nonlinear phase is
inversely proportional to the pump wavelength. This typically re-
quires operation well above the critical power for self-focusing,
thus diminishing the stability as well as the reliability. For exam-
ple, broad supercontinuum generation has been reported in yt-
trium aluminum garnet through a filamentation process [5],
using a peak pump power exceeding the critical power by three
times. Alternatively, materials with a large Kerr coefficient could
be employed, but such media will be associated with lower
bandgap energy [6] and, therefore, a lower optical damage
threshold.

On the other hand, y®-structured ferroelectric materials such
as lithium niobate [LiNbOj (LN)] and KTiOPO, (KTP) can be
used to enhance the third-order interactions. In particular, the
Kerr nonlinearity can be tailored to be substantially larger than
the natural Kerr coefficient present in bulk crystals. Moreover,

2334-2536/18/060711-07 Journal © 2018 Optical Society of America

domain structuring allows us to design the sign of the effective
Kerr nonlinearity, n%ff, resulting from cascaded 7 interactions.
This cannot be done in the non-ferroelectric dielectrics com-
monly used for supercontinuum generation. This technique
has been exploited for optical parametric chirped pulse amplifi-
cation designs based on poled crystals and proven to generate
high-intensity mid-IR pulses [7].

A single-wave nonlinear envelope equation [8] is the most ap-
propriate numerical tool for investigating ultra-broadband cas-
caded processes. This was used by Bache ez al. [1,9] to study
solitons generated through y®-cascaded processes, giving rise
to Cherenkov radiation when subjected to nonlinear compres-
sion. In a similar manner, Conforti et al. also used a single-wave
nonlinear envelope equation to study ultrafast pulses in lithium
tantalate [LiTaO3 (LT)] and LN [10]. Their model was further
developed for beta barium borate [BaB,O 4 (BBO)] in [11], where
the propagation equations accounted for both second- and third-
order nonlinearities. Phillips ez /. developed a similar model for
waveguides incorporating both second- and third-order nonli-
nearities, as well as the Raman response [12]. It was applied to
periodically poled reverse-proton-exchanged LN waveguides
and could verify the octave-spanning spectra previously obtained
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by Langrock ez al. [13]. Broadband optical parametric generation
was reported in periodically poled MgO-doped stoichiometric LT
with a spectrum extending from 1.1 to 3.5 pm [14]. Furthermore,
a numerical model using a single-wave envelope equation showed
good agreement with the experimental results in MgO-doped LT
[15] and in bulk LN [16].

In this work, we investigate femtosecond supercontinuum
generation in y®-structured ferroelectrics theoretically and exper-
imentally by employing cascaded second-order interactions to
achieve a negative Kerr nonlinearity and self-compression in
the normal group velocity dispersion (GVD) regime. The exten-
sion of supercontinuum generation into the anomalous GVD re-
gion was achieved by proper choice of spatial structuring of the
7@ nonlinearity. A numerical model based on a single-wave
nonlinear envelope equation was developed, fully including
second- and third-order responses in the structure.

The model was applied to KTP, as this material provides a
number of favorable properties such as wide transparency, high
damage threshold, high y® nonlinearity, and the ability to tailor
the nonlinearity spatially via periodic poling [17,18]. The delayed
nonlinear response due to Raman scattering has been included in
the model and was necessary for achieving good agreement be-
tween the numerical predictions and the experimental results.
Octave-spanning supercontinuum generation and optimal non-
linear optical pulse compression were obtained through proper
choice of the poling period of the KTP crystal and the pump
wavelength. Specifically, the model shows that the broadest super-
continuum is obtained by choosing the quasi-phase-matching
(QPM) period for phase-matched second-harmonic generation
(SHG) at 2 pm, close to the zero GVD point, and pumping
the structure with a femtosecond pulse in the region of 1.5-
1.6 pm. Thereby the pump pulse would first experience the neg-
ative Kerr nonlinearity and self-compression, due to normal
GVD, leading to spectral broadening until 2 pm is reached.
Further broadening beyond 2 pm and self-compression are
achieved through the positive cascaded Kerr nonlinearity under
anomalous GVD conditions.

Based on the modeling results, an 11 mm long periodically
poled, Rb-doped KTP (PPRKTP) sample (with a period of
36 pm) was fabricated. It was pumped by 128 fs long pulses
at 1.52 pm, which led to a supercontinuum extending from
1.1 to 2.7 pm. The supercontinuum was self-compressed to a
pulse length of 18.6 fs. The theoretical calculations using the
measured pump pulse as an input are in good agreement with
the experimental results.

The paper is arranged as follows: In Section 2, the numerical
model is introduced, while Section 3 theoretically investigates
supercontinuum  generation in  periodically poled KTP
(PPKTP). The Section 4 is dedicated to the experimental reali-
zation of supercontinuum generation in PPRKTP. The results of
the measurements are presented, as well as a comparison with
numerical calculations. Finally, the conclusions are presented
in Section 5.

2. NUMERICAL MODEL FOR CASCADED
SUPERCONTINUUM GENERATION

Numerical models for optical nonlinear interactions usually in-
volve nonlinear coupled equations [19] that are to be solved
for the different frequency domains relevant to the studied pro-
cess. However, these models are inconvenient for ultra-broadband
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optical pulses due to the overlap of the different frequency bands.
Instead, we use a single-wave nonlinear envelope equation, which
is based on a total-field version of the nonlinear Schrédinger equa-
tion [10] that implicitly takes all possible y? interactions into
account.

Besides the second-order response, we have included cubic
nonlinearities and the delayed y® Raman response due to high
peak intensities and a broad spectrum. The usual redshift result-
ing from the Raman response will lead to an extended supercon-
tinuum spectrum toward the mid-IR. Following Agrawal’s
derivation for third-order nonlinear effects [20], we expressed
the single-wave nonlinear envelope equation as

0A .
7 + (iD-a)A

4){(2)w% . i 0 Azgi‘uu"/'i(ﬂu-ﬂlwo)z
= 4ﬁoc‘z - W 0t' _!,_2|A|25””70f'+i(/70*/11"’o)z

+ir(n) (1- 22
i " w, ot
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where 3, and f#; refer, respectively, to the wave vector and its first
derivative evaluated at the reference frequency @y, ¢ is the speed of
light in vacuum, and Z is the propagation direction. Finally, )((2)
describes the magnitude and spatial modulation of the second-
order nonlinearity, y(@y) is the third-order nonlinear parameter,
and R(z) is the nonlinear response function associated with the
Raman effect.

The equation above describes the propagation of the complex
envelope A (in units of volts per meter) defined through an
analytic continuation of the real electric field of the optical pulse.
It is expressed in a copropagating coordinate frame (Z, #') corre-
sponding to a reference frequency @. The time #' in this coor-
dinate frame is given by ' = ¢ - f§;z. In the context of this study,
it is convenient to define @, to coincide with the central fre-
quency of the pump. The complex envelope A(#', Z) is defined
by applying a standard procedure [10] used for analytical signals,
namely, by Fourier transforming the real time-dependent electric
field and suppressing the negative frequency components. The
imaginary part of the envelope is then obtained using a
Hilbert transform. A final Fourier transform gives the time-
dependent analytic signal. Such an analytical envelope fully
describes the real electric field and has some advantages in the
sense that only positive frequencies appear in the simulation re-
sults and causality is automatically taken into account by the
Hilbert transform.

The left-hand side of Eq. (1) contains the time-domain linear
response function related to the dispersion D and the absorption a.
However, those quantities are more commonly described as
functions of frequency, and are thus more easily evaluated in
the frequency domain. As such, they take on the following form:

FI[iD - a] = i(k(w) - fy - p1(@ - ) - a(w),  (2)

where FT denotes the Fourier transform and 4(w) = M is the

wave vector, with 7 being the refractive index. All dispersion
orders are automatically accounted for in the model, as the explicit
dispersion relation is implemented in Eq. (2) over a wavelength
range of 0.4-5 pm by employing the temperature-dependent
Sellmeier equation [21]. The absorption spectrum for KTP,
a(w), has been taken from the measurements in Ref. [22].
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The right-hand side of Eq. (1) represents the nonlinear
polarization. The first term describes the field envelope evolution
due to the ¥ nonlinearity. In the case of periodically poled ma-
terials, @ is implemented as a square-wave function with an

alternating sign,
2nZ
7 = dszsign (cos (%) ) , 3)

where ds3 is the highest nonlinear coefficient in KTP, corre-
sponding to an input polarization parallel to the ¢ axis of the
crystal, and A is the poling period for first-order QPM. In the
visible part of the spectrum, as well as in the near- and
mid-TR up to 3.5 pm, ¥ is essentially dispersion-free. Thus,
an instantaneous ) response was assumed in this work.

In the second term of the right-hand side of Eq. (1), the
third-order nonlinear parameter y(wy) is given by

7(wy) = %a)on(a)o)eon’f‘, (4)
where 75 (in units of m? - W) is the native Kerr nonlinearity
for the material considered and & is the vacuum permittivity.

R(2) is the nonlinear response function related to the delayed
third-order nonlinearities and the instantaneous Kerr. It can be
expressed as a sum of Raman resonance modes,

N 2 2 ‘
R(t) = (1 - frr)d(t) + Zij Tli + %2/ H(t)e ™ sin <TL>,
j

2
j=1 172

1j

)

where & is the Dirac function and H is the Heaviside step func-
tion. V is the total number of Raman modes taken into account.
The factors f; are defined by the oscillator strengths for the con-
sidered resonances [23,24] and verify f,, = Zj-ilij, where
[ r7 represents the total fractional contribution of the Raman re-
sponse with respect to the nonlinear polarization. 7,; are the decay
parameters used to fit the Raman gain spectrum with a Lorentzian
profile, and 7,; are related to the period of the phonon vibrations.
In our configuration, the pump is propagating along the a-axis of
the crystals and is polarized along its ¢ axis. Thus, we are inter-
ested in the Al vibration symmetry, i.e., the X(ZZ)X Raman
scattering configuration. Indeed, KTP has two strong Raman
modes, with resonances at 8 and 21 THz, which are the ones
we consider in the calculations [25,26]. The different parameters
used for the simulations are listed in Table 1.

To solve Eq. (1), we employed a fourth-order Runge—Kutta
scheme, expressed in the interaction picture in [27,28], which
is a more accurate version of the split-step Fourier method [27].
This method allows for separate evaluations of the dispersion
terms in the Fourier domain and the nonlinear terms in the time
domain.

Table 1. Parameters Used for the Simulations of Raman
Delayed Response Including Two Resonances for KTP from
[23,24]

Material 7y, (f) 712 ) fii 721 (pS) 722 (PS) S Srr
KTP 20 7.6 0.13 7.4 1.2 0.37 0.5

Vol. 5, No. 6 / June 2018 / Optica 713

3. SUPERCONTINUUM GENERATION IN
PERIODICALLY POLED KTP

As mentioned in the introduction, to obtain the broadest super-
continua in the mid-IR range, we need to start with a positive
GVD and a large enough negative Kerr effect that the combina-
tion of both eventually leads to soliton self-compression and as-
sociated spectral broadening. Therefore, the input wavelength
should be close to, but shorter than, the zero GVD wavelength.

Below we present simulation results for a 100 fs long Gaussian
transform-limited input pulse at 1.58 pm. The peak intensity of
the pulse at the entrance of the crystal was set to 15 GW /cm?.
This is substantially lower than the optical damage threshold for
KTP (600-800 GW /cm? for 100 fs pulses [29,30]). The pump
pulses, polarized parallel to the crystal ¢ axis, are propagated
through the 10 mm long crystal along the # axis, in order to ex-
ploit the highest nonlinearity, /5 ” = 16.9 pm/V [31], in KTP.

By periodic poling, the cascaded #5*° nonlinearity (in units of
m? - W) can be designed based on the phase mismatch Ak [32]:
2w,d35

ngasc —

ni)/,nz%czsoA/e (sin c(AkL) - 1), 6)
where Ny, and 13, are the refractive indices of the material at the
pump frequency @, and its second harmonic 2@,, respectively.
is the propagation length. The total effective Kerr nonlinearity can
be expressed as #§T = 73" + n5*. The phase mismatch A% is
given by

Ak = kQw,) - 2k(w,) - K, @)

where K, is the grating wave vector, defined by K, = 2z and ,
is the pump frequency. The grating period was chosen to phase
match SHG close to zero GVD to ensure a large phase mismatch
at the pump wavelength.

The effective Kerr coefficient was calculated with Eq. (6) and is
found to be negative at the input pulse wavelength in KTP:
7§ = -1.65 x 107 cm? /W, almost one order of magnitude
larger than the natural Kerr coefficient in the corresponding
crystal (native Kerr nonlinearity in KTP: 75 =2.4x
1071 ecm?/W [33]).

The group index and GVD curves are shown in Fig. 1(a). Zero
GVD is located at 1.8 pm for KTP. A pump wavelength close to
1.58 pm, where the GVD is positive, is selected for the super-
continuum generation in KTP. The QPM period designed,
A = 36 pm, provides phase-matched SHG for 2 pm radiation.
It gives a pronounced 75 resonance, as seen in Fig. 1(c), and at
this wavelength, 75" changes sign as well. Similarly, the sign of
the GVD is reversed too [Fig. 1(a)]. Different grating periods can
be used as long as they correspond to phase matching close to the
zero GVD point. Namely, poling periods between 32 and 40 pm
will lead to similar supercontinuum generation and pulse
compression.

The pump propagating in the negative Kerr and positive GVD
environment experiences spectral broadening until it extends
through the zero GVD point. Due to resonances in 75", the cas-
caded four-wave mixing (FWM) process will be efficient at that
point and transfer energy from the short-wavelength supercontin-
uum part to longer wavelengths while reversing the remnant chirp
in the process. Here the Kerr nonlinearity is positive, while the
GVD is negative. These conditions are suitable for solitary pulse
compression and further spectral broadening.
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Fig. 1. (a) Group index for ¢ polarization (dashed line) and group
velocity dispersion (solid line) as a function of the wavelength for
KTP. The horizontal black solid line represents zero GVD. (b) KTP
third-order dispersion (TOD). (c) Phase mismatch (dashed line) and
75 spectrum for KTP (solid line); the vertical dotted red line in
(a) and (b) highlights the zero GVD wavelength. (d) Zoomed-in plot
of the 75 spectrum for the region of interest.

For the pump conditions stated in the beginning of this sec-
tion, the optimum compression was obtained for a 10 mm long
PPKTP crystal. The spectral and temporal evolution is presented
in Fig. 2. The fractional response of the Raman effect relative to
the Kerr response, fp,; = 0.5, was selected because it sub-
sequently was found to produce the best match with the experi-
ments. This is in accordance with previous observations for
ferroelectric materials, where the relative fractional response of
the Raman effect with respect to Kerr is quite large [34].

The spectral pump pulse evolution can be seen in Fig. 2(a).
As soon as the pump is launched into the crystal, the
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Fig.2. (a) Calculated spectral evolution along the 10 mm PPKTP crys-
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supercontinuum spectrum after the 10 mm long PPKTP crystal, (d) tem-
poral comparison of input pump pulse and output supercontinuum pulse
for frr = 0.5.
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non-phase-matched SHG and sum-frequency mixing (SFM) are
generated at 790 and 526 nm, respectively, due to the high peak
intensity and the high nonlinearity of the material. It can be seen
in Fig. 2(a) that the SH amplitude at 790 nm is periodically
modulated, which is the result of the periodic cycling of the
SHG and SFM processes, i.c., cascading, which gives rise to
the effective Kerr nonlinearity. This is accompanied by self-
compression in the temporal domain, as highlighted in Fig. 2(b).

The pump spectrum broadens purely through SPM up to
around 6 mm within the sample. Once the broadened spectrum
of the pump pulse reaches zero GVD, where SHG phase match-
ing is fulfilled, the corresponding IR component around 1 pm is
generated. This happens after about 7 mm of propagation within
the crystal. The leaking spectral components at longer wave-
lengths, above zero GVD, take part in a phase-matched cascaded
FWM process, transferring power from the spectral region of the
pump to the mid-IR around 2.5 pm to 3 pm. The increasing
third-order dispersion (TOD) in the mid-IR [see Fig. 1(b)] shapes
this wave into an Airy-type wave packet that propagates with
compression of the central peak and deceleration in the reference
frame and leads to the formation of trailing sub-pulses, as can be
seen in Fig. 2(b). The parabolic trajectory is a characteristic of
Airy-type solitons [35]. On the other hand, the weak remnants
of the non-phase-matched visible emission at 0.79 and 0.53 pm,
as well as the phase-matched radiation at 1 pm, are walking away
rapidly from the forming soliton pulse due to the large group
velocity difference from the soliton pulse. The temporal periodic
modulation along the crystal length in Fig. 2(b) originates from
the SHG and back-conversion phenomenon, i.., from the
CaSCading prOCeSSCS.

Figure 2(c) shows that the generated IR spectrum at the exit of
the crystal extends from 1.2 to 3 pm. The temporal width of the
main peak of the output pulse is 8 fs [full width at half-maximum

(FWHM)], as can be seen in Fig. 2(d).

4. EXPERIMENTAL VALIDATION OF THE
SUPERCONTINUUM GENERATION IN PPRKTP

For the experimental realization, we used PPRKTP. This material
was chosen because it has all the favorable properties of KTP: high
nonlinearities, wide transparency, and strong resistance to gray
tracking [36,37], while its low ionic conductivity makes it easier
to fabricate structures with high quality using the electric-field poling
technique [37-39]. Several samples, with different grating lengths
and poling periods, were fabricated in-house. In the following,
we present experiments with a 1 mm thick PPRKTP crystal with
a 36 pm QPM period and a grating length of 11 mm, which pro-
vided the broadest spectrum and the shortest pulses. The setup con-
sisted of an OPA (Orpheus F, Light Conversion) pumped by an
ytterbium-doped  potassium  gadolinium tungstate  (Yb:KGW)
femtosecond laser system operating at 50 kHz (Pharos, Light
Conversion). The OPA generated 128 fs long pulses centered at
1.52 pm. The OPA beam was split into two parts using a wave plate
and a polarizer. The larger part of the energy (4 pJ) was used as the
pump for supercontinuum generation in the PPRKTP crystal, while
the remaining part (1 pJ) served as the probe pulse for sum-
frequency generation cross-correlation frequency-resolved optical
gating (SFG-XFROG) measurements.

A pump beam with a radius of approximately 1.5 mm was
loosely focused into the PPRKTP crystal by a lens with a focal
length of 200 mm. The crystal was placed at a distance of
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Fig. 3. Schematic of the SHG-FROG/SFG-XFROG setup.

approximately 25 mm in front of the focal point so that the
self-defocusing in PPRKTP was, to some extent, counteracted
by the convergence of the beam. A wave plate was used to adjust
the polarization before the lens, in order to match the pump
polarization to the ¢ axis of the crystal and take advantage of
the largest nonlinear coefficient available in PPRKTP, 4s;.
The pump intensity at the entrance of the crystal was estimated
to be 13 GW /cm?. With these experimental parameters, a sol-
iton order of 7 was estimated [20]. The supercontinuum beam
exiting the crystal was collimated with a metallic spherical mirror
with radius of curvature R = -500 mm to avoid chromatic
aberration.

The SFG-XFROG method was employed to characterize the
supercontinuum pulses [40,41]. The setup is illustrated in Fig. 3.
The deflected pump beam was frequency doubled in a 1.5 mm
BBO crystal and filtered to remove the fundamental. It was then
used as the probe to get the SFG-XFROG signal in the visible
range. The supercontinuum and probe pulses were overlapping
in a 10 pm thin BBO crystal to generate the sum-frequency sig-
nal. The SHG frequency-resolved optical grating (SHG-FROG)/
SEG-XFROG device was built in a way that allows us to use the
same setup to also characterize the probe pulses via SHG-FROG
(Fig. 4), ensuring the compatibility of the characterized probe
pulses and the XFROG measurement.

The pump characteristics were retrieved via SHG-FROG and
are presented in Fig. 4. They are used as inputs in the
numerical model.
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Fig. 4. (a) SHG-FROG retrieved spectrum and spectral phase of the

pump beam centered at 1.52 pm, (b) the temporal profile of the input

pump pulse. The FWHM is 128 fs. The FROG error was calculated to

be 0.48%.
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The measured and retrieved SFG-XFROG traces, with a
retrieval error of 3%, are presented in Figs. 5(a) and 5(b), respec-
tively. In these figures, the time axes are reversed. The SFG-
XFROG traces reveal that at zero delay, the generated spectrum
is indeed very broad (note that an SFG wavelength of 600 nm
here would correspond to a signal wavelength of 2.85 pm).
The weak components at longer wavelengths are trailing the main
peak, being split into a dispersive wave by TOD. Here we do not
observe intensity modulation on the trailing side of the pulse,
characteristic of an Airy soliton, which was obtained under some-
what different and ideal excitation conditions in the simulations
in Fig. 2. The corresponding supercontinuum spectrum extends
from 1.1 to 2.7 pm, as shown in Fig. 5(c). It also reveals that the
spectral phase is quite smooth, with a predominant contribution
of the quadratic phase for wavelengths beyond 2 pm. This means
that the supercontinuum pulse can be further compressed in the
mid-IR range, using suitable dispersion compensation.

Figure 6 shows the results from the numerical calculations
and summarizes the spectral and temporal evolutions of the super-
continuum pulse along the crystal grating using the spectrum and
the phase of the input pulse taken from the experimental data in
Fig. 4. Note that the input pulse is chirped and, apart from the
central peak, the spectrum contains additional spectral compo-
nents coming from the OPA. As expected from the theoretical
results in the previous section, the pump spectrum first broadens,
while the non-phase-matched SHG and SFM are generated in the
visible range. After approximately 9 mm propagation within the
crystal, the spectrum reaches 2 pm and the quasi-phase-matched
1 pm wavelength starts to appear, while the supercontinuum
keeps expanding toward mid-IR wavelengths. Additional spectral
components initially present on the short- and long-wavelength
sides of the pump are gradually amplified during propagation.
Figure 6(b) highlights the nonlinear compression process, which
also matches the experimental pulse duration very well. Indeed,
simulations show that under the conditions of the experiment, the
Airy soliton is not formed, in agreement with the observations
from the experimental SFG-XFROG traces.

The experimental results and the simulations adapted to
the real pump pulse match rather well and confirm the
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above-mentioned broadening and self-compression mechanisms.
Figure 7 shows a comparison between the experimental and cal-
culated temporal shape [Fig. 7(a)] and spectrum [Fig. 7(b)] of the
supercontinuum pulse. The self-compressed experimental super-
continuum pulse was 18.6 fs long (FWHM), while the transform
limit would correspond to a 13 fs long pulse. The spectral extent
of the simulated supercontinuum was studied for different values
of the fractional contribution of the Raman response, f ;. The
best agreement in terms of the output spectral shape, extent, and
temporal width was obtained for f; = 0.5 and is presented in
Fig. 7 in blue curves along with the experimental data. The
numerical calculations in this case showed pulses with a

FWHM of 11.4 fs at the end of the crystal [Fig. 7(a)].
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and the experimental results (orange solid curves). The experimentally
obtained spectrum starts above 1 pm because a long-pass filter was used
in the SFG-XFROG setup, cutting away shorter wavelengths.
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5. CONCLUSION

A single-wave nonlinear envelope equation was developed to
investigate the propagation of ultra-broadband optical pulses in
7®P-modulated non-centrosymmetric media. It was applied to
PPRKTP in order to study its performance in supercontinuum
generation and pulse self-compression in the mid-IR range. To
get a good fit with experiments, the two strongest Raman modes
were used in the calculations with the Raman contribution
frr = 0.5. Proper design of the domain grating was imple-
mented to obtain a strong negative Kerr nonlinearity, which
led to drastic spectral broadening in the normal dispersion regime,
where the pump was initially launched. The model shows a po-
tential for obtaining an octave-exceeding spectrum extending to
3 pm while providing a reasonably clean output temporal profile.
At the same time, this leads to self-compression of 100 fs Gaussian
pump pulses down to 8 fs (FWHM) in PPKTP. Previous exper-
imental results with periodically poled LN waveguides showed a
supercontinuum extending up to 3 pm, but with a large dip in
magnitude around 2.5 pm [13]. Moreover, utilizing structured
bulk samples instead of waveguides would be beneficial, as one
can utilize large beam sizes and thereby obtain higher energy
without risking catastrophic material damage.

Experimental validation of the model was performed using an
OPA generating 128 fs pulses centered at 1.52 pm and an 11 mm
long PPRKTP crystal. A broad supercontinuum spectrum extend-
ing from 1.1 to 2.7 pm was generated, and an associated nonlin-
car self-compression was observed, as predicted from the
numerical model. Pulses as short as 18.6 fs were measured using
a SFG-XFROG setup. The retrieved spectral phase proved to be
quite smooth in the mid-IR range.

Consequently, this supercontinuum pulse could be considered
for further experimental work, for instance, as a seed for optical
parametric chirped pulse amplifiers. Moreover, this approach is
energy scalable for periodically poled ferroelectrics thanks to
large-aperture samples [39,42,43]. In addition, our numerical
model and experimental setup could be applied to other periodi-
cally poled ferroelectrics. Particularly promising is the KTP iso-
morph KTiOAsOy, which presents a flatcter GVD profile and a
broader transmission window in the mid-IR, features that are of
interest for octave-spanning supercontinuum generation. Finally,
the model is designed such that different poling structures can be
investigated. In particular, future work should focus on apodized,

aperiodically poled structures [44—47].
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