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ABSTRACT

DEVELOPMENT OF A PETAWATT CLASS TI:SAPPHIRE LASER FOR THE EXCITATION

OF EXTREME RADIATION SOURCES

Thisi dissertationi describesi thei design, constructioni andi characterizationi ofi ai high peaki power,

high repetitioni rate, Titanium-Sapphire laseri system. Thisi chirped-pulsei amplification (CPA)i laseri

deliversi femtosecondi pulsesi ofi upi toi 0.85 PWi peaki power. Byi utilizingi pumpi laseri amplifiersi

withi ai slabi configurationi high repetitioni ratei arei achieved, 3.3Hz, thei highesti ati whichi Petawatt-

class lasersi havei beeni operatedi toi date. Thisi 800nmi laseri alsoi hasi ai high power, ultra-high

contrast 400 nmi beamline. Byi frequency doublingi thei 800 nmi withi ai KDPi crystali ati ≥i 40%i

conversioni wei arei ablei toi achievei ai contrast ofi >i 1 ×i 10−12. Thei abilityi toi focusi thisi secondi

harmonic beami toi∼1.2 µmi Fulli Widthi ati Halfi Maximumi (FWHM)i spoti sizei madei iti possiblei toi

achievei intensitiesi upi toi ∼i 6.5 ×i 1021
i W/cm2. Withi thesei high intensitiesi andi high contrast thisi

laseri isi ai powerfuli tooli ini manyi applicationsi especiallyi ini thei studyi ofi laser/matteri interactionsi

ati relativistici plasmas.

Thisi Ti:Sapphire laseri wasi usedi fori thei excitationi ofi plasma basedi softi x-rayi (SXR)i lasers.

priori toi thisi worki compact, repetitivelyi fired, gain-saturatedi x-rayi lasersi hadi beeni limitedi toi

wavelengthsi abovei λi =i 8.85 nm. Wei werei ablei toi demonstratei SXRi lasersi operatingi ini thei gain-

saturatedi regimei downi toi wavelengthsi asi lowi asi λi =i 6.85 nmi ini Ni-likei Gd. Gaini wasi alsoi

observedi ati λi =i 6.4 nm, andi λi =i 5.8 nmi ini Ni-likei Dy. Asi ani applicationi ofi plasma-basedi SXRi

lasers, singlei shoti Fourieri holograms coveringi ai largei areai ofi viewi werei demonstratedi usingi ani

18.9nmi laseri withi high spatiali coherencei basedi oni duali plasma amplifier. Compacti SXRi lasersi

havei madei possiblei applicationsi ini nano-scalei imaging, densei plasma diagnosticsi andi ai varietyi

ofi newi studiesi ofi materialsi andi surfaces. Otheri applicationsi thati werei enabledi byi thisi Petwatt-

class laseri discussedi elsewherei includei thei studyi ofi thei interactioni ofi relativistici laseri pulsesi
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withi alignedi nanostructures, producingi recordi conversioni efficiencyi ofi opticali laseri lighti intoi

picosecond x-rayi pulsesi withi photonsi ofi >i 1 KeVi energyi andi flashesi ofi deuterium-deuteriumi

fusioni neutrons.
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Chapter 1

Introduction

Petawatt-class lasersi arei transformingi thei fieldi ofi highi energyi densityi physics. Theyi trans-

formi materialsi intoi statesi characterizedi byi extremei temperature, densityi andi degreei ofi ioniza-

tion. Petawatt-class lasersi Theyi alsoi generatei extremei electromagnetici fields, thati makei possiblei

ai myriadi ofi applications. Thesei includei thei generationi ofi secondaryi sourcesi ofi highi energyi pho-

tonsi (x-raysi andi gamma-i rays), beamsi ofi highi energyi electronsi andi ionsi andi flashesi ofi neutrons.

Theyi cani bei coupledi andi synchronizedi withi otheri lasers, ioni andi electroni accelerators, x-rayi

sourcesi andi z-pinchesi [1]. Thisi dissertationi presentsi thei developmenti ofi ai petawatt-class laseri ati

Coloradoi Statei Universityi (CSU)i operatingi ati ai wavelengthi ofi 800 nm. Withi thei repetitioni ratei

ofi 3.3 Hzi andi peaki poweri ofi 0.85 PW, iti isi currentlyi thei highesti averagei repetitioni ratei petawatt-

class laseri ini thei world. Thesei laseri parametersi alongi withi thei abilityi toi frequencyi doublei thei

pulsei intoi ai highi contrasti 400nmi beami makei iti ani extremelyi usefuli tool. Thei petawatt-class laseri

thati isi thei centrali tooli ofi thisi thesisi wasi successfullyi usedi ini severali applicationsi ati CSU. Thesei

includei thei pumpingi ofi plasma-basedi softi x-rayi (SXR)i lasersi andi theiri applicationi toi ultrafast

ultra-highi resolutioni holography, thei generationi ofi extremei plasma conditionsi byi irradiationi ofi

nano-wirei arrays, thei generationi ofi flashesi ofi x-raysi ofi picosecond duration, electron/ioni accel-

erationi andi neutroni generationi flashi throughi deuterium-deuteriumi nucleari fusion.Thei firsti twoi

applicationsi arei introducedi ini thei followingi paragraphsi andi arei discussedi ini detaili ini Chapteri 3

andi Chapteri 4 ofi thisi dissertation.

Softi x-rayi lasers:i

Wei havei extendedi thei rangei ofi repetitivelyi firedi x-rayi lasersi toi λi =i 6.85 nmi byi transienti

travelingi wavei excitationi ofi Ni-likei Gdi ionsi ini ai plasma createdi withi ani optimizedi pre-pulsei

followedi byi rapidi heatingi withi ani intensei sub-psi pumpi pulse. Isoelectronici scalingi alsoi producedi

strongi lasingi ati 6.67 nmi andi 6.11 nmi ini Ni-likei Tb, andi amplificationi ati 6.41 nmi andi 5.85 nmi ini
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Ni-likei Dy. Wei experimentallyi demonstratei thati thei optimumi grazingi incidencei anglei increasesi

linearlyi withi atomici numberi fromi 17 degreesi fori Z=42 (Mo)i toi 43 degreesi fori Z=66 (Dy). [2]

Singlei shoti largei fieldi ofi viewi nano-holography:

Usingi ai SXRi laseri pumpedi byi thei Ti:Sapphire laseri describedi herei ini wei werei ablei toi demon-

stratei singlei shoti Fourieri transformi holographyi withi ai spaciali resolutioni thati getsi toi 62 nmi andi

temporali resolutioni ofi 5 psi overi ai largei fieldi ofi view. Ai highlyi coherenti Ni-likei molybdenumi

SXRi laseri ati 18.9 nmi wasi used. Utilizingi ai dual-plasma schemei ini whichi ai smalli fractioni ofi

thei wavefronti generatedi fromi ai firsti SXRi laseri plasma amplifieri isi injectedi intoi ai secondi plasma

amplifieri wei werei ablei toi achievei ai highi spatiali coherencei necessaryi fori holography. silver nano-

wires 200 nmi ini diameteri werei imagedi overi ai 7 µmi diameteri fieldi ofi viewi utilizingi ai referencei

beami focusedi throughi ai 3 µmi holei byi ai 200 nmi outeri zonei freei standingi zonei platei (ZP). Thei

finali acquiredi imagei wasi numericallyi reconstructedi byi 2Di Fourieri transform. Thei 10%−i 90%i

knifei edgei spatiali resolutioni wasi measuredi withi thei besti valuei reachingi downi toi 62 nm.

Otheri applicationsi ofi thisi Petawatt-class laseri realizedi withi thei contributioni ofi thisi authori arei

outlinedi belowi buti arei noti furtheri discussedi hereafter. Fori morei detailsi ini thosei experimentsi thei

readeri isi referredi toi thei literaturei [3]–[6]

Generationi ofi extremei plasma conditionsi byi irradiationi ofi nano-wirei arrays:i

Ultrahigh-energyi densityi (UHED)i matter, characterizedi byi energyi densitiesi >1×i 108
i Ji cm−3

i

andi pressuresi >i 1 Gbar, isi encounteredi ini thei centeri ofi starsi andi inertiali confinementi fusioni

capsulesi driveni byi thei world’si largesti lasers. UHEDi conditionsi cani bei obtainedi withi compact,

ultrahighi contrast, femtosecondi lasersi focusedi toi relativistici intensitiesi ontoi targetsi composedi

ofi alignedi nanowirei arrays. Wei measuredi thei keyi physicali processi ini determiningi thei energyi

densityi depositedi ini high-aspect-ratioi nanowirei arrayi plasmas:i thei energyi penetration. Byi moni-

toringi thei x-rayi emissioni fromi buriedi Coi traceri segmentsi ini Nii nanowirei arraysi irradiatedi ati ani

intensityi ofi 4 ×i 1019
i Wi cm−2, wei demonstratedi energyi penetrationi depthsi ofi severali microme-

ters, leadingi toi UHEDi plasmasi ofi micrometeri size. Relativistici three-dimensionali particle-in-celli

simulations, validatedi byi thesei measurements, predicti thati irradiationi ofi nanostructuresi ati in-
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tensitiesi >1 ×i 1022
i Wi cm−2

i willi leadi toi ai virtuallyi unexploredi extremei UHEDi plasma regimei

characterizedi byi energyi densitiesi ini excessi ofi 8 ×i 1010
i Ji cm−3, equivalenti toi ai pressurei ofi 0.35

Tbar. [3]

Generationi ofi hardi x-rayi flashes:

Thei efficienti conversioni ofi opticali laseri lighti intoi brighti ultrafast x-rayi pulsesi ini laseri createdi

plasmasi isi ofi highi interesti fori densei plasma physicsi studies, materiali sciencei andi otheri fields. Wei

havei demonstratedi morei thani onei orderi ofi magnitudei increasei ini picosecond x-rayi conversioni ef-

ficiencyi (CE)i byi tailoringi neari solidi densityi plasmasi toi achievei ai largei radiativei toi hydrodynamici

energyi lossi ratei ratio, leadingi intoi ai radiationi lossi dominatedi plasma regime. Ai recordi 20%i CEi

intoi hv >1 keVi photonsi wasi measuredi ini arraysi ofi largei aspecti ratioi Aui nanowires heatedi toi

keVi temperaturesi withi ultrahighi contrasti femtosecondi laseri pulsesi ofi relativistici intensity. [4]

Electron/Ioni acceleration:

Byi usingi ai ultra-intensei highi contrasti laseri pulsei withi intensitiesi ofi i 1 ×i 10i21
i Wi cm−2

i

wei werei ablei toi seei significanti improvementi ini bothi thei fluxi andi energyi ofi thei relativistici ac-

celeratedi electronsi ofi ai near-solidi densityi alignedi CD2 i nanowirei arraysi ini comparisoni toi thosei

fromi solidi CD2 i foilsi irradiatedi withi thei samei laseri pulses. Becausei thei laseri isi ablei toi penetratei

deepi intoi thei alignedi nanowires, wei werei ablei toi increasei thei volumei ofi thei interaction. Thei

laseri interactioni withi thei nanowirei wasi modeledi andi showedi thati electronsi arei pulledi upi thei

nanowirei toi thei topi andi toi ai loweri densityi plasma andi therei thei electronsi arei acceleratedi upi toi

thei dephasingi length, wherei theyi outruni thei laseri pulse. Thisi resultsi ini ani electroni temperaturei

thati isi muchi higheri andi largeri fluxi thani thei flati foils. Thisi interactioni comparedi toi thei flati foili

alsoi producesi manyi morei 1 MeVi photons. Utilisingi thisi methodi ofi irradiatingi nanowires wei

havei alsoi measuredi thei accelerationi ofi deuteronsi andi hydrogeni ionsi upi toi 15 MeVi fromi CD2 i

nanowirei arraysi measuringi bothi thei energyi andi thei angulari distribution.

Neutroni generation:i

i Whilei nucleari fusioni ini laseri createdi plasmasi isi regularlyi createdi ini sphericali plasma com-

pressionsi driveni byi multi-kilojoulei pulsesi fromi thei world’si largesti lasers, iti isi alsoi ofi interesti
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toi generatei neutroni sourcei fori applicationsi thati includei neutroni imagingi andi materiali diagnos-

tics. Wei havei demonstratedi ai densei micro-scalei deuterium-deuteriumi (D-D)i fusioni environmenti

createdi byi irradiatingi arraysi ofi deuteratedi nanostructuresi withi joule-leveli pulsesi fromi ai com-

pacti ultrafast laser. Thei irradiationi ofi orderedi deuteratedi polyethylenei nanowires arraysi withi

femtosecondi pulsesi ofi relativistici intensityi createdi ultra-highi energyi densityi plasmasi ini whichi

deuteronsi arei acceleratedi upi toi MeVi energies, efficientlyi drivingi D-Di fusioni reactionsi andi ultra-

fast neutroni bursts. Wei measuredi upi toi 2 ×i 106
i fusioni neutronsi peri joule, ani increasei ofi abouti

500 timesi withi respecti toi flati solidi targets, ai recordi yieldi fori joule-leveli lasers. [6]

Thisi dissertationi describesi thei developmenti ofi thei petawatt-class laseri systemi usedi ati CSUi

fori whichi thei authori wasi ai majori contributor. Thei descriptioni ofi thei laseri andi itsi performancei isi

followedi byi twoi applicationi experiments:i ai plasma basedi softi x-rayi laseri andi thei usei ofi ai softi

x-rayi laseri toi performi singlei shot, largei fieldi ofi viewi nano-holography.

1.1 Petawatt-class laseri systems
Thei desirei toi havei morei intensei lasersi fori applicationsi hasi beeni aroundi sincei thei beginningi

ofi lasersi ini 1960. Ini 1962 McClungi andi Hellwarthi [7]i werei ablei toi makei lasersi manyi ordersi

ofi magnitudei morei intensei thani thei firsti Rubyi laseri developedi byi Theodorei Maimani ini 1960

[8]. Theyi accomplishedi thisi byi changingi thei lossi ini ai laseri cavityi fromi highi toi lowi usuallyi

usingi ai Pockeli celli andi ai seti ofi polarizers, ai techniquei knowni asi Q-switching. Byi crossingi thei

polarizersi thei lossi ini thei cavityi isi veryi high, allowingi ai largei populationi inversioni toi buildi upi

whilei thei laseri isi pumpedi byi avoidingi lasing. Wheni thei gaini reachesi itsi peaki thei Pockeli celli

isi triggeredi toi rapidlyi rotatei thei polarization, loweringi thei cavityi lossi belowi thei thresholdi fori

lasing. Q-switchi lasersi arei commonlyi usedi ini manyi fieldsi ofi researchi andi industryi andi createi

ai millijoulei leveli nanosecondi pulsei outi ofi ani oscillator. Onei yeari lateri ini 1963 thei methodi ofi

mode-lockingi pushedi durationsi toi thei picosecond rangei [9]. Mode-lockingi oscillatorsi werei ablei

toi producei femtosecondi pulsesi buti withi nanojoulesi ofi energyi peri pulsei [10]. Mode-lockingi andi

Q-switchingi werei combinedi toi createi intensei laseri pulsesi ofi shorti duration. Shorteri andi morei
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intensei pulsesi didi noti seei muchi progressi tilli thei mid-1980si wheni thei techniquei ofi chirpi pulsei

amplificationi (CPA)i wasi combinedi withi mode-locking. Ini thisi techniquei pulsesi arei spectrallyi

chirpedi andi stretchedi ini time, amplifiedi andi finallyi recompressed. Thei firsti usei ofi CPAi wasi ini

radari systems. Thei ideai ofi CPAi wasi firsti appliedi toi laseri amplificationi byi Stricklandi andi Mouroui

ini 1985 [11]i ai realizationi fori whichi theyi werei awardedi thei Nobeli Prizei ini Physicsi ini 2018. Thei

methodi implementationi withi lasersi startsi withi ai shorti pulsei thati isi stretchedi ini time, amplifiedi

andi isi finallyi compressedi toi ai shorti durationi usingi diffractioni gratings. Byi stretchingi thei pulsesi

outi fori amplificationi andi onlyi compressingi thei pulsesi righti beforei transmissioni highi peaki powersi

withini thei amplifieri arei avoided. Ini itsi firsti demonstrationi Stricklandi andi Mouroui usedi ai mode-

lockedi Nd:YAGi oscillatori toi producei ai shorti 150 psi pulse. Thisi pulsei wasi theni stretchedi ini

ani opticali fiberi toi 300 ps. Thei pulsei wasi subsequentlyi amplifiedi withi ai Nd:YAGi regenerativei

amplifier. Thei pulsei wasi theni compressedi usingi ai Treacyi gratingi pairi toi 2 psi pulsei derationi

[12]. Thei compressori wasi ablei toi compensatei thei dispersion. Thei schemei wasi latteri improvedi

byi substitutingi thei fiberi stretcheri withi ai gratingi stretcheri thati betteri matchesi thei compressori

andi stretcher, consistingi ofi ai Treacyi compressori withi ai telescopei thati invertsi thei signi ofi thei

dispersion, andi innovationi introducedi byi Martinezi (Martinezi 1987, [13]). Anotheri advantagei

ofi thei usei ofi CPAi isi toi bei ablei toi reachi thei saturationi fluence. Laseri materialsi likei Nd:Glassi

havei highi saturationi fluencesi ofi thei orderi ofi joulesi peri cm2. Byi stretchingi thei pulsei ini time,

iti isi possiblei toi reachi thei saturationi fluencesi withouti non-lineari effectsi spoilingi thei wavefront.

CPAi openedi thei pathi toi multi-Terawatti lasers, andi eventuallyi toi Petawatti lasers. Ai diagrami

illustratingi thei concepti ofi CPAi systemsi isi showni ini Figure 1.1. Usingi thisi techniquei ini 1989,

thei firsti 100 TWi class laseri wasi developedi ini Francei [14], [15]i andi ini thei UKi [16], [17]. Eachi

systemi utilizedi ai Ndi basedi mode-lockedi systemi relyingi oni ai self-phasei modulationi toi createi thei

neededi bandwidthi toi supporti thei shorti picosecond pulsesi ati underi 0.5 psi ati 1054 nmi [18]. Thei

amplifiersi werei basedi oni Nd:glass.

Therei arei morei thani 50 petawatti lasersi ini operationi ini thei worldi [20]i withi mosti ofi themi

fallingi intoi twoi maini categories. Lasersi withi highi amountsi ofi energyi withi hundredsi ofi Joulesi
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figures/chap1fig11.png

Figure 1.1: Illustrationi ofi ai classici CPAi laseri system. Inspiredi byi [19].

ori eveni kilojoulesi ofi energyi withi longeri pulsei durationi oni thei orderi ofi severali hundredsi ofi

femtosecondsi [21], [22], andi lasersi thati havei lessi energyi oni thei orderi ofi tensi ofi Joulesi buti

muchi shorteri pulsei durationsi ofi thei orderi ofi ai fewi tensi ofi femtosecondsi [23]–[26]. Thei firsti

categoryi isi limitedi ini repetitioni ratei toi ai fewi shotsi peri day. Thisi limitationi mainlyi comesi fromi

thei limitationi ini thei repetitioni ratei ofi thei pumpi lasers, thisi isi relatedi toi theiri cooli downi time.

Thei categoryi ofi highi energy, longi pulsei petawatti lasersi datesi backi toi 1992, wheni scientistsi ati

Lawrencei Livermorei Nationali Laboratoryi (LLNL)i [27]i developedi thei firsti petawatti laser, thei

NOVAi petawatt. Iti wasi ablei toi deliveri 1.5 PWi withi 660 Ji ini ai 440 fs. Thei NOVAi petawatti

laseri wasi focusedi toi intensitiesi ofi 7 ×i 1020
i Wi cm2. Thisi laseri wasi followedi byi thei Vulcani

Laser, ai highi poweri Nd:glass laser, andi wasi thei firsti toi implementi thei opticali parametrici chirpedi

pulsei amplificationi (OPCPA)i fronti endi [28], [29]. Thei OPCPAi isi ablei toi amplifyi ultrashorti andi

broadbandi pulsesi withi littlei pre-pulsei andi thusi havei higheri contrast. Wheni thisi isi injectedi intoi

thei Nd:glass amplifieri chaini iti isi ablei toi producei shorti andi highi contrasti pulsesi andi isi usedi asi

ai fronti endi fori manyi petawatti lasersi today. Somei ofi thei otheri petawatti laseri aroundi thei worldi
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arei thei Gekkoi XIIi facilityi ini Japan. Iti usedi ani OPCPAi fronti endi withi Nd:glass largei aperturei

amplifiers, andi ai doublei passi compressori toi withi ani outputi ofi 420 Ji ini ai 470 fsi pulse. Thei Gekkoi

XIIi isi focusedi toi intensitiesi ofi 2.5×i 1019
i W/cm2

i withi contrasti levelsi ofi 1.5 ×i 108
i [30]. Titani

isi ai laseri ati LLNLi thati deliversi upi toi 300 Ji ini ai sub-picosecond pulsei andi offersi ai 50 Ji highi

contrasti greeni optioni [31].

figures/chap2fig3.png

Figure 1.2: Evolutioni ofi thei laseri spectrai throughi thei system:i afteri stretcheri (dottedi line);i afteri firsti poweri

amplifieri (dashedi line);i afteri compressori (solidi line);i andi thei finali spectrali phasei (dash-dottedi line).

Ini thei secondi categoryi ofi petawatti lasersi basedi oni loweri energyi buti muchi shorteri pulsesi

thei mosti commoni gaini mediai usedi isi Ti:sapphire. Ti:Sapphire hasi ai broadi spectrali bandwidthi

(>235 nmi FWHM)i [32]i andi thusi isi ablei toi supporti ai shorteri pulse. Asi ani examplei thei spectrali

outputi ofi thei amplifiedi pulsesi fromi thei Ti:Sapphire oscillatori ati CSUi isi showni ini Figure 1.2.

Thisi Ti:Sapphire oscillatori outputi hasi ai bandwidthi ofi abouti 30nmi FWHMi andi cani supporti ∼30

fsi transformi limitedi laseri pulses. Shorteri pulsesi dramaticallyi helpi ini makingi higheri intensities.

Somei ofi thei propertiesi ofi Ti:Sapphire thati alsoi contributei toi iti beingi ai favorablei gaini materiali

arei highi damagei threshold, goodi thermali conductivity, andi ai saturationi fluencei ofi 1-2 J/cm2
i [33].

Thei passivei Kerri lensi wasi implementedi ini thei mode-lockedi Ti:Sapphire oscillatori fori eveni betteri
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outcomesi [10]. Sooni afteri thisi improvementi thei firsti terawatti Ti:Sapphire laseri wasi demonstratedi

byi Sullivani eti al. [34]. Withi ani outputi ofi 3.8 terawatts, thisi laseri rani ati 10Hzi andi hadi pulsesi

withi outputsi ofi 60 fsi andi 0.23 J. Withi Ti:Sapphire havingi ai upperi leveli lifetimei ofi ∼i 3 µsi thei

gaini mediumi cannoti bei efficientlyi pumpedi withi flashlampsi andi needsi ai fasti pumpingi method.

Sincei Ti:Sapphire hasi ai highi absorptioni ini thei 500 nmi regioni ofi thei spectrumi ai doubledi ∼1.0

µmi laseri isi usuallyi usedi asi thei pump.

Notablei examplesi ofi petawatt-class higheri repetitioni ratei lasersi arei thei BELLAi laseri ati

Lawrencei Berkeleyi Nationali Laboratoryi withi ani outputi ofi 1.3 PWi andi ai repetitioni ratei ofi 1

Hzi [35], thei 1 PWi HAPLSi laseri designedi ati LLNLi toi operatei ati repetitioni ratesi upi 10 Hzi andi

recentlyi operatedi ati 3.3 Hzi [36], andi thei 3.3 Hzi CSUi laseri reportedi ini thisi dissertation. Alli threei

ofi thesei petawatt-class andi manyi otheri highi poweri ultrashorti pulsei lasersi operatingi withi pulsei

widthsi ini thei vicinityi ofi 30 fsi arei madei employingi Ti:Sapphire asi thei gaini mediumi [23]–[26],

[37]–[43]. Ti:Sapphire cani presentlyi reachi peaki powersi ofi upi toi 5.4 PWi [25]i andi ai lasersi withi

outputsi ofi 10 PWsi arei abouti toi bei commissioned[44], [45]. OPCPAi petawatti lasersi alsoi havei

shorti pulsei durations, wideri bandwidth, highi temporali contrast, smalli thermali effectsi andi tunablei

wavelengthsi [23], [24], [26]i buti fori thei mosti parti doi noti havei asi highi ani energyi becausei ofi thei

loweri efficiencyi achievedi toi datei ini convertingi thei pumpi lighti intoi OPCPAi output.

Thei petawatti laseri systemi ati CSUi thati thei authori ofi thisi dissertationi co-developedi isi ai CPAi

Ti:Sapphire laseri centeredi ati 800 nmi withi ai bandwidthi showni ini Figure 1.2. Iti isi ablei toi producei

laseri pulsesi withi 25.5 Ji afteri compressioni withi pulsei durationi ofi 30 fsi makingi iti 0.85 PWs. Iti

isi alsoi ablei toi runi ati ai repetitioni ratei ofi 3.3 Hzi makingi iti thei highesti repetitioni ratei petawatti

laseri ini thei world. Therei arei plansi fori thei productioni ofi petawatti laseri systemsi toi improvei oni

CSU’si repetitioni ratei withi ELIi (Europeani Lighti Infrastructure)i withi ai repetitioni ratei ofi 10 Hzi

andi ani outputi ofi onei petawatti [46]. Sincei thei CSUi CPAi petawatti laseri isi ai keyi aspecti ofi thei

worki performedi byi thei authori asi parti ofi thisi dissertationi ai morei detailedi looki ati alli thei aspectsi

ofi thisi kindi ofi laseri asi iti relatesi toi thei petawatti lasersi willi bei ini whati fallows. Ai closeri looki ati

thei CSUi petawatti laseri willi bei ini Chapteri 2.
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1.2 Petawatt-class Chirpedi Pulsei Amplificationi Lasers
Ai CPAi systemi typicallyi achievesi highi energyi pulsesi withi multiplei stagesi ofi amplificationi

[11]. Thei CSUi petawatt-class lasersi makesi usei ofi ai conventionali front-end. Ultrashorti pulsesi

arei generatedi byi ai Kerr-lensi mode-lockedi Ti:Sapphire oscillator. Thesei pulsesi arei subsequentlyi

stretchedi byi ai Martinezi stretcheri [13]i andi arei theni amplifiedi byi fivei Ti:Sapphire stagesi ofi am-

plification. Theyi arei finallyi recompressedi byi ai gratingi compressori [12]. Fori somei specifici appli-

cationsi (fori examplei x-rayi laseri generation)i ai fractioni ofi thei beami isi spliti beforei compressioni

andi directedi toi thei targeti chamberi creatingi ai longeri pre-pulse. Figure 1.3i showsi ai schematici

diagrami illustratingi thei differenti stagesi ofi thei CPAi laseri system. Afteri thei stretcheri andi beforei

thei firsti amplifieri ani acoustoi optici programmablei diffusei filteri (AOPDF)i isi placedi toi modifyi

thei amplitudesi ofi specifici wavelengthsi fori thei purposei discussedi below. Betweeni eachi stagei ofi

amplificationi therei isi ani imagingi vacuumi telescopei (VT)i usedi toi expandi thei beami toi matchi thei

stage’si pumpi laseri mode. Spatiali filtersi (SF)i arei placedi ati thei focusi ofi thesei telescopesi toi removei

anyi highi frequencyi structurei fromi thei beam’si intensityi profile. Isolationi betweeni thei firsti threei

amplifiersi isi providedi byi ai Pockelsi celli (PC)i andi polarizingi beami splittersi (PBS). Thei PBSi pairsi

arei crossedi toi avoidi transmissioni unlessi thei PCi rotatesi thei polarizationi ofi thei laseri pulse. Thisi

isi necessaryi toi reducei amplifiedi spontaneousi emissioni (ASE)i feedbacki betweeni thei highi gaini

amplifiersi whichi cani reducei energyi extraction. Ifi ai sufficientlyi smalli temporali windowi isi cre-

atedi withi thei Pockelsi celli thei isolationi combinationi alongi withi thei spatiali filtersi cani alsoi rejecti

anyi strayi backi reflectionsi thati mayi arisei ini thei system. Thisi cani reducei thei possibilityi ofi highi

intensityi focusesi thati cani damagei components. Ai deformablei mirrori (DM)i isi alsoi installedi afteri

thei fivei stagesi ofi amplificationi toi correcti anyi wavefronti aberrations. Eachi parti ofi thei systemi isi

discussedi ini morei detaili below.

1.2.1 Laseri Oscillator

Thei seedi pulsei fori thei petawatti laseri isi generatedi byi ai mode-lockedi oscillator. Thei basici

cavityi configurationi isi showni ini Figure 1.4. Thei oscillatori pumpi sourcei isi ai commerciallyi fre-
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figures/chap1fig13.png

Figure 1.3: Schematici diagrami ofi Ti:Sapphire CPAi laseri systemi developedi ati CSU.

quencyi doubledi Nd:YVO4 diode-pumpedi continuousi wavei (cw)i laser. Thisi cwi greeni laseri lighti

isi focusedi intoi thei Ti:Sapphire crystal, collineari withi thei modei ofi thei laseri cavityi itself. Thei

onlyi otheri cavityi componentsi arei ani endi mirrori (M), curvedi mirrorsi (CM), ani outputi coupleri

(OC)andi togetheri withi ai prismi pairi (P1, P2)i toi compensatei fori dispersioni ofi thei Ti:Sapphire

crystali [47]. Mode-lockingi ini thisi laseri isi achievedi throughi thei actioni ofi thei Kerri lensi inducedi

ini thei laseri crystali itself. Wheni thei laseri isi operatingi ini ai pulsedi mode, thei focusedi intensityi

insidei thei Ti:Sapphire crystali exceedsi 1011
i W/cm2. Thisi isi sufficienti toi inducei ai strongi non-

lineari lensi whichi significantlyi focusesi thei pulse. Wheni thisi occursi ini ai laseri cavityi whichi isi

adjustedi fori optimumi efficiencyi withouti thisi lens, thei self-focusingi willi simplyi contributei toi lossi

withini thei laseri cavity. However, modesti displacementi ofi onei mirrori awayi fromi thei optimumi

cwi positioni byi onlyi 0.5-1 mmi cani resulti ini ai decreasei ini lossi ini thei laseri cavityi wheni Kerri

lensingi isi present. Toi understandi this, supposei somei modesi incidentallyi arei phasei lockedi andi

interferei constructivelyi formingi ai pulsei thati hasi higheri intensityi thani thei modesi withi randomi

phases. Thesei pulsesi arei focusedi andi therebyi collimatedi ini thei cavity, survivingi andi seeingi gaini

withi lowi loss. Alli otheri modesi thati arei noti affectedi arei thusi noti collimatedi andi arei rejectedi

byi sufferingi highi losses. Thisi allowsi thei ini phasei highi intensityi modesi toi ”wini out”i andi reachi

relativelyi highi energy. Veryi quicklyi onlyi modesi oscillatingi ini phasei creatingi thei mode-lockedi

pulsesi survive. Thus, thei Kerri lensingi couplesi thei spatiali andi temporali modesi ofi thei oscillator,

resultingi ini twoi distincti spatiali andi temporali modesi ofi operationi (cwi andi pulsed)i [48]. Thei laseri

cani bei alignedi toi bei stablei ini eitheri mode.

10



Thei oscillatori ini thei CSUi petawatt-class laseri isi basedi oni ai kiti byi KMi Labsi thati producesi

30 fsi pulsesi ati 87MHzi withi ∼750mW. Thei outputi spectrumi isi showni ini Figure 1.2. Ai 4 Wi

Nd:YVO4 diodei 532nmi laseri (Coherent-Verdi)i isi usedi toi pumpi thei Ti:Sapphire crystal. Toi com-

pensatei fori thei self-phasei modulationi andi groupi velocityi dispersioni fromi thei ∼4.5 mmi 15%i

dopedi Ti:Sapphire crystal, ai pairi ofi prismsi (P1, P2)i isi usedi toi sustaini thei shorti pulsesi asi showni

ini Figure 1.4. Twoi concavei mirrorsi (CM)i arei usedi toi focusi thei 800nmi beami ini thei Ti:Sapphire

rodi toi createi thei intensitiesi neededi toi operatei thei oscillatori ini thei Kerr-lensi modei lockedi opera-

tion. Mirrori (M)i isi usedi toi keepi thei beami ini thei cavityi andi ai 17%i outputi coupleri (OC)i isi usedi

toi ejecti thei beami toi thei resti ofi thei system.

figures/chap1fig14a.png

Figure 1.4: Schematici Diagrami ofi thei Ti:Sapphire Oscillator. Thei Nd:YVO4 diodei 532nmi laseri

(Coherent-Verdi)i isi thei pumpi thei mirrorsi Mi andi Prismi pairi P1,P2 andi thei curvedi dichroici mirrorsi CMi

andi outputi coupleri OC.

1.2.2 Stretcheri andi Compressori

Oncei outi ofi thei oscillatori thei pulsesi arei injectedi intoi thei stretcheri toi stretchi thei pulsei ini

timei throughi ai positivei dispersioni delayi stage. Afteri thei stretcheri thei pulsei isi modifiedi byi thei

acoustoi optici programmablei diffusei filteri andi theni isi amplified. Oncei amplifiedi thei pulsei isi theni

compressedi backi toi ai shorti pulsei ini ai negativei dispersioni delayi stage. Bothi thei stretcheri andi

thei compressori worki toi complementi eachi otheri byi exactlyi undoingi whati thei otheri does. Thei
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figures/chap1fig15b.png

(b) i

Figure 1.5: (a)i Schematici layouti ofi ai grating-basedi stretcheri leadingi toi ai positivei dispersion. (b)i

Schematici layouti ofi ai grating-basedi compressori withi negativei dispersion. [49]i

stretcheri isi designedi toi stretchi ai pulsei fromi 30 fsi toi ∼500 ps, reducingi thei intensityi byi ai factori

ofi ∼16600. Thei compressori reversesi thisi effecti andi iti alsoi isi alignedi toi compensatei asi muchi

asi possiblei fori anyi dispersioni pickedi upi byi thei pulsei travelingi throughi thei Ti:Sapphire crystal,

windowsi andi air.

Thei maini componenti ini bothi stretchingi andi compressingi isi thei grating. Ini thei stretcheri andi

compressori iti isi necessaryi toi avoidi nonlineari distortioni toi thei spatiali andi temporali profilei ofi thei

beam. Ai chirpedi pulsei cani bei obtainedi byi propagatingi ai pulsei throughi opticali materiali suchi

asi ai fiber. Ini thei fiber, self-phasei modulationi (SPM)i cani broadeni thei bandwidthi ofi thei pulse;i

howeveri thei distortioni duei toi high-orderi phasei termsi introducedi byi fiberi arei hardi toi compensatei

andi makesi thisi designi difficulti toi usei fori femtosecondi pulsei amplifiers. Toi obtaini ani eveni greateri

stretchi factors, ai gratingi ori prismi pairi arrangementi cani bei usedi whichi separatesi thei spectrumi ofi

ai shorti pulsei ini suchi ai wayi thati differenti colorsi followi differenti pathsi throughi thei opticali system.
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Martinezi eti al. [13]i realizedi thati byi placingi ai telescopei betweeni ai gratingi pair, andi ani injectioni

andi sendbacki mirrori asi showni ini Figure 1.5a, thei dispersioni isi controlledi byi thei effectivei distancei

betweeni thei secondi gratingi andi thei imagei ofi thei firsti gratingi [13]. Ifi thei distancei giveni byi Li isi

smalleri thani fi (Li <i f)i thei stagei willi addi positivei groupi delayi dispersioni toi thei pulsei giveni by:

δ2φ

δ ω2
= −2(L− f)N2λ2

π c2cos2θ
(1.1)

Wherei Li isi thei distancei ofi thei gratingi fromi thei lens, ci isi thei speedi ofi light, λi isi thei centeri

wavelength, Ni isi thei groovei densityi (l/mm)i andi θ i isi thei diffractedi angle. Ini thisi arrangementi thei

dispersioni isi exactlyi thei oppositei dispersioni ofi ai gratingi compressor. Ifi Li >i f i thei stagei willi puti

negativei dispersioni oni thei pulsei makingi thei telescopei noti neededi andi thusi makingi ai gratingi com-

pressori showni ini Figure 1.5b. Thisi formsi thei basisi fori ai perfectlyi matchedi stretcher/compressori

pair. Thei changei ini pulsei durationi afteri thei stretcheri isi giveni geometricallyi by:

M τ =
Lg(

λ
d
) M λ

c d(1− (λ
d
− sinγ)2)

(1.2)

Wherei Lg i isi thei gratingi separationi (ini thei casei ofi ai stretcheri iti isi equali toi 2(L-i f )), ci isi

thei speedi ofi light, λi isi thei centeri wavelength, M λi isi thei bandwidthi ofi thei laseri pulse, di isi

thei groovei spacingi andi γ i isi thei anglei ofi incidencei oni thei firsti gratingi withi respecti toi normal.

Thisi stretcheri configurationi cani bei improvedi withi thei flati normali incidenti mirrori placedi ati thei

focali plane. Byi usingi ai curvedi mirrori insteadi ofi lensesi iti isi possiblei toi avoidi thei chromatici

aberrationsi ofi thei lenses. Withi thesei changesi thei numberi ofi opticsi isi reducedi andi therei isi onlyi ai

needi fori onei grating, whichi offersi importanti advantagesi overi thei twoi gratingi designs. Thei gratingi

cani worki neari Littrowi incidenti anglei (giveni byi sinγLittrowi = λ/2d), andi maintaini alignmenti

whilei thei separationi and/ori anglei ofi thei gratingi arei adjusted. Thei single-gratingi designi isi alsoi

ani advantagei asi therei arei noi possibilitiesi ofi anti-parallelismi ori anglei mismatchi betweeni thei

gratings, whichi wouldi distorti thei outputi pulsei byi introducingi temporali andi spatiali chirpsi thati

cannoti bei eliminatedi ini thei pulsei compressor. Ini Figure 1.6i showsi thei diagrami ofi thei computedi
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rayi pathi fori thei foldedi telescopei stretcheri usedi ati CSU. Thisi setupi usesi ai sphericali focusingi

mirrori withi ai radiusi ofi curvaturei ofi ∼1200 mmi correspondingi toi ai focali lengthi ofi ∼600 mmi

andi ai diameteri ofi 8 inches. Thei gratingi arei goldi coatedi andi havei 1740 l/mmi withi ai Littrowi anglei

ofi 44.1 degrees. Thei inputi anglei toi thei gratingi isi 55 degreesi fromi normal. Thei separationi ofi thei

centeri ofi thei sphericali mirrori andi thei centeri ofi thei gratingi isi ∼i 400 mm. Withi thesei parametersi

thei calculatedi stretchi isi ∼500 ps. Thei experimentali setupi isi showni ini thei photographi belowi ini

Figure 1.7.

figures/chap1fig16.png

Figure 1.6: Simulationi ofi thei foldedi telescopei stretcher.

Asi statedi earlieri thei gradingi compressor, asi showni ini Figure 1.5b, allowsi usi toi recombinei ai

chirpedi pulsei thati hasi beeni stretched. Ini 1969, Treacyi showedi thati ai pairi ofi identicali paralleli

gratingsi exhibitsi negativei groupi delayi dispersioni [12]. Thei equationi 1.2i isi whati isi neededi toi

calculatei thei compressioni withi Lg i simplyi beingi thei distancei betweeni thei gratings. Wei needi toi

consideri noti onlyi thei contributionsi ofi thei stretcheri andi thei compressor, buti alsoi thei materialsi ofi

thei amplifier. Wheni ai pulsei passesi throughi ai material, thei longeri wavelengthsi traveli fasteri thani
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Figure 1.7: Photographi ofi stretcheri ati CSUi withi simulationi linesi overlaidi toi guidei thei eye.

thei shorteri wavelengths, thusi introducingi ai positivei chirpi oni thei pulse. Thisi chirpi musti alsoi bei

compensatedi fori byi thei pulsei compressor. Thei phasei introducedi byi ai materiali isi giveni by:

φmat(ω) = Lmatn(ω)
ω

c
(1.3)

Wherei Lmat i isi thei materiali length, ω i isi thei lighti frequency, ci isi thei speedi ofi lighti andi n(ω)i

isi thei indexi ofi refraction. Expressionsi fori n(λ)i cani bei obtainedi byi empiricali formulasi (suchi asi

Sellmeieri equationsi [50])i fori commoni opticali materialsi arei tabulatedi ini thei literature. However,

sincei analytici derivativesi arei muchi morei accuratei thani performingi ai numericali polynomiali fiti

toi ai curve, iti isi mosti accuratei toi worki withi thei exacti expressionsi fori thei phase, andi noti withi

termsi ini thei Taylori expansion. Thei compressori usedi ati CSUi consistsi ofi fouri goldi gratingsi withi

twoi beingi 210 mmi ×i 420mmi ×i 50 mmi fori thei firsti andi lasti gratingi andi twoi 210 mmi ×i 460

mmi ×i 50 mmi fori thei secondi andi thirdi grating. Alli thei gratingsi havei 1740 l/mmi andi werei madei

byi LLNL. Thei separationi betweeni thei twoi gratingsi isi ∼i 725 mm. Thei compressori alsoi hasi ai

45 degreei turningi mirrori 300.0 mmi ×i 210.0 mmi ×i 50.0 mmi andi twoi roofi mirrorsi eachi 325.0
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mmi ×i 300 mmi ×i 50.0 mmi toi translatei thei beami betweeni thei twoi gratingi levels. Thisi isi showni

ini Figure 2.3i andi ini Figure 2.4. Eachi opticsi ini ai customi mounti designedi andi buildi ini house.

Thei gradingi mountsi werei alsoi madei ini housei andi werei madei toi havei tipi andi tilti andi rotationi

independentlyi fori eachi gratingi insuringi thei abilityi toi aligni thei twoi gratingsi thati werei stackedi

overi eachi otheri toi bei bothi ini thei samei paralleli planei andi alsoi thei gratingi linesi aligned.

1.2.3 Amplificationi

Thei amplificationi chaini usesi ai highi gaini pre-amplifieri stage, placedi justi afteri thei pulsei

stretcher, whichi isi designedi toi increasei thei energyi ofi thei nJi pulsesi fromi thei laseri oscillatori

toi thei 1-10 mJi leveli [51]–[59]. Thei majorityi ofi thei gaini ofi thei amplifieri systemi (∼107
i times)i

occursi ini thisi stage. Thei pre-amplifieri isi theni followedi byi fouri poweri amplifiersi designedi toi ef-

ficientlyi extracti thei storedi energyi ini thei amplifieri andi toi increasei thei outputi pulsei poweri abovei

thei 30 joulei level. Ati eachi stagei therei arei differenti challengesi thati arei neededi toi overcomei ini

orderi toi makei ani effectivei petawatti laser. Fori thei firsti stagei amplifieri ori pre-amplifieri thei maini

challengei isi gaini narrowing. Sincei thei atomici susceptibilityi X ′′(ω)i appearsi ini thei exponenti ini

calculatingi thei poweri gain, thei exponentiali gaini fallsi offi muchi morei rapidlyi withi detuningi thani

thei atomici lineshapei itself. Successivei passesi throughi thei amplifieri tendsi toi narrowi thei amplifiedi

spectrum, asi cani bei seeni from:

G(ω) = e[ 4.34ωaL
c

X′′(ω)] (1.4)

wherei X ′′(ω)i isi thei atomici susceptibility, Li isi thei lengthi ofi thei laseri pathi ini thei crystal, ci isi

thei speedi ofi lighti andi ωaii isi thei centeri frequencyi [60]. Thisi spectrali narrowingi associatedi withi

thei amplificationi processi isi referredi toi asi gaini narrowing. Thisi narrowingi restrictsi thei compres-

sioni transformi limiti ofi thei pulsei ati thei endi ofi amplification. Sincei thei gaini profilei ofi Ti:Sapphire

fallsi morei steeplyi ati wavelengthsi shorteri thani 800 nmi thani ati wavelengthsi longeri thani 800 nm,

andi sincei gaini saturationi tendsi toi redshifti thei spectrumi (redi wavelengthsi precedei bluei ini thei

pulse), thei optimumi inputi spectrumi isi typicallyi peakedi shorteri thani 800 nm. Onei tooli toi over-
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Figure 1.8: (a)i Illustrationi ofi gaini narrowingi (Fourieri transformi FFT)i (b)i Illustrationi ofi gaini preservationi

byi ”burning”i holei ini thei spectrum.

comei thisi narrowingi isi thei usei ofi ani AOPDF. Withi thisi filteri iti isi possiblei toi modulatei bothi thei

phasei andi thei amplitudei ofi thei spectrumi [61]. Byi measuringi thei phasei andi lengthi ofi thei pulsei

afteri thei amplificationi iti isi possiblei toi optimizei thei inputi toi createi ai flati phasei andi toi preservei

thei bandwidth. Thei bandwidthi isi preservedi byi reducingi thei amplitudei ofi thei wavelengthsi thati

havei thei strongesti gaini andi lettingi thei otheri wavelengthsi dominate. Byi lettingi thei wavelengthsi ini

thei taili ofi thei gaini profilei havei ai headi starti thei finali resulti isi ai wideri bandwidth. Ani illustrationi

ofi thisi processi isi showni ini Figure 1.8. Wheni thisi holei isi burnti intoi thei spectrumi therei isi ai lossi

ini thei seedi energy. Toi compensatei fori thisi energyi lossi thei beami passi onei morei timei throughi thei

amplifieri ori pumpi thei amplifieri harderi toi increasei thei gain. Ai balancei betweeni pumpingi hardi

andi extrai passesi isi needed. Thei balancei isi betweeni burningi thei opticali coatingi andi extractingi

thei energy.

Nonlineari contributionsi toi thei phasei resultingi fromi self-phasei modulationi ini thei amplifier

mediumi [62]i musti alsoi bei minimizedi toi avoidi self-focusingi andi self-phasei modulation. Thei non-i

17



lineari phasei shifti isi properlyi consideredi ini thei timei domain, asi φNL(t)i = i(2π/λ)n2

∫
iI(t, z)dz.

However, sincei thei pulsei isi chirped, thisi nonlineari temporali phasei mapsi intoi thei spectrali phase.

Thei approximatei valuei ofi thei nonlineari phasei contributioni isi giveni by:

φnonlinear(t) =

∫
2π

λ
n2I(t, l)dl (1.5)

wherei n2 i isi thei nonlineari indexi (∼2.5×10−16
i cm2

i W−1
i fori sapphire)i andi I(t, l)i isi thei in-

tensityi withini thei amplifieri material. Thei peaki valuei ofi thisi expressioni isi alsoi knowni asi thei

"Bi integral"i ofi thei amplifieri system. Thei valuei ofi thei Bi integrali (thei nonlineari phasei shifti ati

peaki intensity)i ati whichi thei nonlineari phasei isi importanti fori pulsei compressioni cani bei estimatedi

asi follows. Thei nonlineari groupi delayi isi approximatelyi dφ/dω = B/ M ω, wherei M ω i isi thei

half-widthi ofi thei amplifiedi spectrum. Ai Bi integrali ofi 1 radi overi ai spectrali half-widthi ofi 20 nmi

wouldi addi ani additionali delayi variationi ofi 17 fs. Whilei thisi mayi toi somei extenti bei compensatedi

byi readjustmenti ofi thei compressor, thei valuei ofi thei nonlineari phasei variesi acrossi thei beam, soi

severei distortionsi mayi stilli occur. Thus, iti isi clearlyi advantageousi wherei possiblei toi maintaini thei

valuei ofi thei Bi integrali ati lessi thani 1.

Onei otheri problemi thati arisesi fromi ai highi Bi integrali isi self-focusingi duei toi ai Kerri lens. Asi

thei beami propagatesi throughi ai materiali areasi ofi higheri intensityi willi havei ai delayedi phasei andi

thisi willi acti asi ai lensi ini thati area. Asi thisi areai focusesi morei iti becomesi eveni morei intensei andi

cani havei ai runawayi effecti toi causei ai totali collapsei ofi thei beami ori sectionsi ofi it. Thisi cani createi

ai veryi intensei energyi thati cani focusi ini thei opticali materiali causingi damagei andi distortingi thei

beami profilei andi wavefront. Byi keepingi thei Bi integrali belowi 1 thisi effecti isi avoided.

i

1.2.4 Mitigationi ofi parasitici lasing

Asi thei gaini regioni becomesi largeri likei thosei foundi ini thei poweri amplifiersi ofi ai Ti:Sapphire

systemi therei isi ai largeri concerni fori parasitici lasing. Parasitici lasingi isi wheni thei ASEi thati isi

emittedi randomlyi ini alli directionsi ini ai gaini mediumi startsi toi lasei insidei thei crystali usuallyi usingi
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figures/chap1fig21.png

Figure 1.9: (a)i Illustrationi ofi Ti:Sapphire crystali surroundedi withi airi andi ai graphi ofi gaini vsi pumpi flu-
ence[63]i (b)i Illustrationi ofi Ti:Sapphire crystali surroundedi withi Cargillei Seriesi Mi refractivei indexi liquidi

andi ai graphi ofi outputi vsi pumpi energy[63]

thei laterali facesi ofi thei crystali asi mirrors. Thisi lasingi ini thei crystali extractsi energyi ini unwantedi

ways. Parasitici lasingi happensi ini crystalsi withi highi gaini ori crystalsi withi longi gaini pathways. Ini

Ti:Sapphire systemsi wheni thei crystalsi arei pumpedi ini largei areasi therei arei longi transversi pathsi

thati cani causei parasitici lasingi ifi noi precautionsi arei taken. Toi avoidi parasitici lasingi iti isi importanti

toi keepi thei reflectioni ofi radiali raysi ini thei peripheryi ofi thei crystalsi toi ai minimum. Thisi cani bei

achievedi byi puttingi ani indexi matchedi liquidi ori claddingi ini thei peripheryi ofi thei crystali toi avoidi

havingi reflectedi ASEi fromi goingi backi toi thei pumpedi volumei ofi thei crystali wherei thei gaini isi

high. Toi insurei therei isi noi reflectedi lighti fromi wherei thei claddingi endsi ori thei liquidi stops,

ani absorbenti dyei ini thei claddingi ori liquidi isi placedi toi absorbi thei light. Ai keyi aspecti ofi thisi

techniquei ofi thisi isi makingi surei thei refractivei indexi ofi thei matchingi liquidi ori claddingi isi closei

toi thati ofi thei gaini medium. Thei highi indexi ofi refractioni ofi Ti:Sapphire, 1.76 ati 800 nm, makesi

iti difficulti toi findi ai liquidi withi ai similari index. Therei isi ai companyi ”Cargille”i thati producesi

highi indexi fluidsi (Cargillei Seriesi Mi refractivei indexi liquidi ni =i 1.76 ati laseri wavelength)i thati

cani matchi thei index. Thei Cargillei Seriesi Mi refractivei indexi liquidi hasi manyi restrictionsi asi
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iti isi noti compatiblei withi manyi commoni materialsi suchi asi steel, aluminumi andi copperi alloys.

Basedi oni thei compatibilityi reporti ofi Cargillei Laboratoriesi [64], wei chosei aluminumi afteri ai hardi

blacki anodization. Thisi liquidi isi alsoi veryi harmfuli wheni comingi ini contacti withi skini ori wheni

breathingi itsi fumes. Whilei thisi liquidi wasi investigatedi andi testedi andi usedi byi otheri petawatti

lasersi [65]i wei optedi fori thei liquidi methyli salicylatei (alsoi knowni asi wintergreeni oil)i thati hasi ani

indexi ofi refractioni ofi 1.53 ati 800 nm. Whilei Methyli salicylatei hasi ai loweri indexi iti alsoi hasi thei

advantagei ofi havingi loweri healthi risks. Ouri testsi foundi iti toi bei sufficienti fori ouri case. Methyli

salicylatei isi flowedi aroundi thei Ti:Sapphire crystalsi andi isi cooledi toi 15 Ci withi ai heati exchangeri

toi helpi withi coolingi ofi thei crystals. Ani illustrationi ofi ai crystali andi boundaryi interactioni andi

parasitici lasingi isi showni ini Figure 1.9i alongi withi examplesi ofi measurementsi [63].

Otheri waysi toi helpi eliminatei parasitici lasingi isi toi extracti thei energyi beforei thei gaini becomesi

tooi highi fori parasitici lasingi toi extracti thei energy. Thisi isi achievedi byi havingi thei laseri pulsei goi

throughi thei crystali toi extracti thei energyi whilei thei pumpi lighti isi stilli pumpingi thei crystali [66].

Byi timingi thei multiplei passesi ofi thei laseri pulsesi withi respecti toi thei pumpi pulsesi iti isi possiblei

toi efficientlyi extracti thei energy. Thisi methodi hasi thei drawbacki ofi beingi morei complicated.

1.3 Foreword
Thei followingi chaptersi discusi thei specificsi ofi thei laseri systemi thati Ii helpi makei andi designi

ati CSU. Thisi laseri hasi beeni usedi ini manyi experimentsi andi hasi becomei ai laseri facilityi ini Laser-

NetUS. Thei nexti chapteri focusesi oni thei advancesi Ii wasi ablei toi makei ini thei fieldi ofi x-rayi lasersi

thati extendedi thei operationi ofi gain-saturatedi compacti repetitivei x-rayi lasersi downi toi λi =i 6.85

nmi ini Ni-likei Gd. Ii wasi alsoi ablei toi showi lasingi ati 6.67 nmi andi 6.11 nmi ini Ni-likei Tbi andi

amplificationi ati 6.41 nmi andi 5.85 nmi ini Ni-likei Dy. Thei nexti chapteri describesi experimentsi

withi singlei shoti nanoi holographyi withi resolutionsi ofi 62 nmi andi withi timei resolutionsi ofi 5 psi ofi

200 nmi silver nanoi wires.
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Chapter 2

0.85 PWi Laseri operationi ati 3.3 Hzi andi

high-contrasti ultrahigh-intesityi λi =i 400 nmi

second-harmonici beamline1

2.1 Overview
Thisi chapteri discusesi thei generationi ofi 0.85 PW, 30 fsi laseri pulsesi ati ai repetitioni ratei ofi 3.3

Hzi withi ai recordi averagei poweri ofi 85 Wi fromi ai Ti:Sapphire laser. Thei systemi isi pumpedi byi

high-energyi Nd:glass slabi amplifiersi frequencyi doubledi ini LiB3O5 i (LBO). Ultrahigh-contrasti λi =i

400 nmi femtosecondi pulsesi arei generatedi ini KH2PO4 i (KDP)i withi >40%i efficiency. Ani intensityi

ofi 6.5 xi 1021
i W/cm2

i isi obtainedi byi frequencyi doublingi 80%i ofi thei availablei Ti:Sapphire energyi

andi focusingi thei doubledi lighti withi ani f/2i parabola. Thisi laseri willi enablei highlyi relativistici

plasma experimentsi toi bei conductedi ati highi repetitioni rate.

2.2 Developmenti ofi thei highi peaki poweri laseri andi itsi charac-

teristics
Therei isi greati interesti ini ultrahigh-intensityi laseri pulsesi fori relativistici ultrahigh-energyi den-

sityi science, ultrashort-wavelengthi coherent, incoherenti radiationi sourcesi andi particlei accelera-

tion. Thei adventi ofi chirped-pulsei amplificationi (CPA)i [1]i enabledi dramatici growthi ini thei peaki

poweri ofi thei mosti powerfuli lasersi [2], [3]. Severali petawatti (PW)i lasersi havei beeni demonstratedi

ori arei underi developmenti ini laboratoriesi worldwidei [4]–[11]. Newi laseri systemsi aimedi toi gen-

eratei peaki powersi ofi 10 PWi alsoi arei underi developmenti [12]–[16]. Thei firsti laseri toi achievei

1Y. Wangi eti al. "0.85 PWi Laseri operationi ati 3.3 Hzi andi high-contrasti ultrahigh-intesityi λi =i 400 nmi second-
harmonici beamline"i Opticsi Lettersi Vol. 42, Issuei 19, pp. 3828-3831 (2017)i c©i 2017 Opticali Societyi ofi America
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thei PWi poweri leveli didi soi byi compressingi kJi pulsesi fromi ani Nd:glass laseri toi psi pulsei durationi

[4]. Otheri lasersi achievedi thisi peaki poweri leveli withi lessi energetici pulsesi ofi hundredsi ofi Ji andi

hundredsi ofi fsi pulsei durationi fromi Nd:glass amplifiersi [5], [6]. Thesei lasersi typicallyi firei ati ai

repetitioni ratei ofi severali shotsi peri hour. Ai secondi class ofi PW-class lasersi producesi muchi lessi

energetici pulsesi ofi shorteri pulsei duration, typicallyi 30 fsi ori lessi [7]–[10]. Toi date, mosti PWi

lasersi havei beeni developedi withi Titanium:Sapphire (Ti:Sa)i asi thei gaini medium, whichi offersi

broadi bandwidthi andi fsi pulsei durationi [7]–[17]. Alternatively, thei techniquei ofi opticali paramet-

rici CPAi appliedi toi PWi laseri offersi thei advantagesi ofi ai wideri bandwidth, highi temporali contrast,

smalli thermali effectsi andi tunablei wavelengthi [7], [8], [10]i buti withi typicallyi loweri efficiency.

High-poweri Ti:Sa lasersi werei demonstratedi ati thei >100 TWi peaki poweri leveli ati 10 Hzi repeti-

tioni ratei [3]. However, thei repetitioni ratei ofi suchi lasersi decreasesi greatlyi asi theyi arei scaledi toi

PW, mostlyi duei toi heati removali limitationsi ini thei pumpi lasers. Thei highesti peaki poweri achievedi

toi datei isi ai 5.4 PWi Ti:Sa laseri [9]. Thei highesti repetitioni ratei reportedi fori PWi class lasersi isi 1

Hzi [11]i andi significantlyi lessi ini mosti otheri casesi [5], [6], [8]. Ai diode-pumpedi Nd:glass-pumpedi

Ti:Sa laseri isi underi developmenti toi generatei PWi pulsesi ati 10 Hzi [18]. Presentlyi ini thei commis-

sioningi phase, thisi laseri hasi soi fari beeni demonstratedi toi generatei 16 Ji pulsesi ati 3.3 Hzi repetitioni

ratei that, oncei compressed, shouldi producei >0.4 PWi peaki poweri pulsesi withi ani averagei poweri

>40 Wi [18]. Ai Ti:Sa fieldi synthesizeri alsoi isi underi developmenti withi thei goali ofi reachingi ai

PWi leveli outputi ati ai repetitioni ratei ofi 10 Hzi [19]. Whilei diodei pumpingi ofi PWi lasersi hasi cleari

advantagesi fori scalingi toi highi repetitioni ratesi andi increasedi efficiency, flashi lampsi stilli remaini

greatlyi morei affordable. Herei wei reporti thei demonstrationi ofi ai flash-lamp-pumpedi Ti:Sa laser,

whichi generatesi 0.85 PWi pulsesi ofi 30 fsi durationi ati 3.3 Hzi repetitioni ratei withi ai recordi averagei

poweri ofi 85 Wi afteri compression. Thisi isi thei highesti averagei poweri reportedi toi datei fori ai PWi

class laser. Thei laseri setupi isi schematicallyi illustratedi ini Figure 2.1. Iti consistsi ofi ai conventionali

Ti:Sa fronti endi thati deliversi λi =i 800 nmi pulsesi intoi ai chaini ofi threei high-poweri Ti:Sa amplifi-

cationi stagesi pumpedi byi Nd:YAGi slabi amplifiersi designedi toi operatei ati repetitioni ratei upi toi 5

Hz. Ani 87 MHzi Kerri lensi mode-lockedi oscillatori (KMLabs)i producesi 45 nmi bandwidthi pulsesi
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thati arei stretchedi toi 550 psi FWHMi usingi ai gratingi stretcheri [20]. Ai Pockelsi celli selectsi pulsesi

ati ai frequencyi ofi 10 Hzi toi matchi thei repetitioni ratei ofi thei firsti twoi stagesi ofi Ti:Sa amplifica-

tion. Thesei low-energyi multipassi amplifiersi generatei 3 mJi andi 250 mJi pulsesi wheni pumpedi byi

ai commerciallyi availablei 600 mJ, 10 Hz, frequency-doubledi Q-switchedi Nd:YAGi laseri (Quantai

Rayi Pro-270).

figures/chap2fig1.png

Figure 2.1: Diagrami ofi 3.3 Hz, 0.85 PWi CPAi Ti:Sa laseri system. Top:i Ti:Sa laser, frequency-doublingi

setupi andi targeti chamber. Bottom:i Pumpi laseri basedi oni Nd:glass slabi amplifiersi designedi toi operatei ati ai

5 Hzi repetitioni rate. VT, vacuumi tube;i SA, serratedi aperture;i SF, spatiali filter;i AT, anamorphici telescope;i

WP, wavei plate.

Thei outputi ofi thisi laseri fronti endi isi furtheri amplifiedi ini threei multipassi Ti:Sa amplifiersi

pumpedi byi thei frequency-doubledi outputi ofi eighti compacti flash-lamp-pumpedi high-energyi slabi

Nd:glass amplifiers, developedi ati CSUi [21]. Thei fronti endi ofi thei slabi laseri systemi consistsi

ofi ai Q-switchedi 1053 nmi Nd:YLFi oscillatori thati producesi 10 mJi pulsesi ofi ∼15 nsi FWHMi

duration. Thei pulsesi fromi thisi oscillatori arei relayi imagedi ontoi ai serratedi aperturei toi generatei ai

flat-topi beami profilei andi theni spatiallyi filteredi toi producei ai beami withi ai super-Gaussiani intensityi
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profile. Thisi beami profilei isi relayi imagedi throughouti thei resti ofi thei system. Thei pulsesi arei

firsti amplifiedi toi 100 mJi ini ai flash-lamp-pumpedi preamplifieri consistingi ofi twoi 7 mmi diameteri

Nd:YLFi rods. Thei beami sizei isi subsequentlyi enlargedi andi isi amplifiedi toi 3 Ji passingi throughi ai

combinationi ofi twoi 9 mmi andi twoi 15 mmi Nd:YLFi rods, alli flash-lampi pumped. Thei amplifiedi

beami isi subsequentlyi spliti intoi twoi armsi byi ai 50%i beami splitter. Eachi beami armi isi furtheri

amplifiedi byi ani additionali 15 mmi Nd:YLFi amplifieri toi reachi ani energyi ofi 3 J. Bothi circulari

beamsi arei subsequentlyi stretchedi ontoi 8 mmi ×i 120 mmi ovalsi usingi cylindricali anamorphici

imagingi telescopesi toi conformi toi thei 10 mmi×i 140 mmi crossi sectioni ofi thei slabi amplifiers. Thei

ovali beami ofi eachi ofi thei twoi armsi isi amplifiedi ini twoi passesi throughi thei 400 mmi lengthi ofi

ai Nd:glass slabi preamplifier. Thisi preamplifieri andi thei finali eighti slabi amplifiersi arei similari toi

thosei wei previouslyi usedi toi pumpi ai 7.5 J, 170 TW, Ti:Sa laseri [21]. Thei narrowi slabi geometryi

withi zig-zagi beami pathi hasi longi beeni recognizedi asi ai wayi toi eliminatei first-orderi thermali andi

stress-inducedi focusing, reducei stress-inducedi birefringencei andi increasei heati removali toi avoidi

stressi inducei fracture. Thisi significantlyi reducesi thei limitationsi ini thei repetitioni ratei inherenti toi

thei morei commonlyi usedi rodi geometryi [22], [23]. Slabi amplifiersi havei beeni previouslyi usedi toi

amplifyi nanosecondi pulsesi upi toi 25 Ji energyi [24], [25]. Ouri Nd:glass slabi pumpi laseri amplifiersi

arei pumpedi byi fouri Xei flashi lamps, whichi arei driveni withi 300 µsi durationi currenti pulsesi thati

depositi∼700 Ji ofi electricali energyi peri lampi peri shot. Thei coolingi isi providedi byi turbulenti wateri

flow.

Eachi ofi thei slabi preamplifiersi isi operatedi toi generatei 16 Ji pulsesi thati arei dividedi evenlyi byi

threei beami splittersi (25%, 33%, 50%)i toi becomei thei inputi ofi fouri identicali Nd:glass slabi poweri

amplifiers. Amplificationi ofi inputi pulsesi withi 4 Ji energyi ini eachi slabi generatesi pulsesi withi ∼18

Ji energyi andi 15 nsi durationi ati 1053 nm. Thei rmsi pulsei energyi fluctuationi fori 1053 nmi slabi

pumpi laseri isi ∼1%. Thei amplifiedi beamsi arei reshapedi intoi 22 mmi diameteri beamsi thati arei

imagedi intoi 27 mmi diameteri LBOi crystalsi (CrystalLaser)i toi generatei 11 Ji pulsesi ati 527 nm. Thei

doublingi efficiencyi isi ∼63%. Ai λ/2 wavei platei isi placedi oni eachi armi beforei thei LBOi crystali
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toi ensurei S-polarizationi output. Thei eighti slabi amplifiersi armsi producei ai totali 527 nmi pumpi

energyi ofi ∼88 J, withi ai uniformi nearlyi flat-topi beami profile.

Ai 6 Ji pulsei isi separatedi andi relayi imagedi ontoi thei firsti ofi threei high-poweri Ti:Sa amplifica-

tioni stagesi thati usei ai 30 mmi diameter, 28 mmi thicki crystal. Threei passesi ofi thei 800 nm, 250 mJi

seedi pulsesi throughi thisi Ti:Sa amplifieri producei pulsei energiesi upi toi 3 Ji ati 3.3 Hzi repetitioni rate.

Fromi thei remainingi laseri pumpi energy, 38 Ji pulsesi arei relayi imagedi ontoi ai fourthi amplificationi

stage, consistingi ofi ai 60 mmi diameter, 30 mmi thicki Ti:Sa crystali ini whichi thei beami diameteri

isi 45 mm. Afteri twoi passes, thei energyi isi 13.5 J. Thei remainingi 44 Ji ofi laseri pumpi energyi arei

relayi imagedi ontoi ai fifthi stagei amplifier, consistingi ofi ai 90 mmi diameter, 30 mmi thick, Ti:Sa

crystali (GTi Crystali Systems). Thei outputi energyi cani reachi >37.6 Ji afteri three-passi amplificationi

withi ai beami sizei ofi 55 mm. Thei crystalsi ofi thei lasti twoi amplificationi stagesi arei surroundedi byi

flowingi methyli salicylatei fori coolingi andi suppressioni ofi parasitici lasing. Becausei alli thei pumpi

beamsi andi thei seedi beami havei flattopi spatiali profiles, thei outputi beami isi closei toi ai homogeneousi

flattopi (Figure 2.2).

figures/chap2fig2.png

Figure 2.2: Spatiali single-shoti beami profilei afteri thei finali Ti:Sa boosteri amplifieri operatingi ati fulli power.
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figures/chap1fig18.png

Figure 2.3: Simulationi ofi thei gratingi compressori ati CSU.

Thei evolutioni ofi thei laseri spectrumi alongi thei amplifieri chaini isi showni ini Figure 1.2. Ani

acousto-optici programmablei dispersivei filteri (FASTLITE)i isi insertedi betweeni thei stretcheri andi

thei firsti multipassi amplifieri toi compensatei fori gaini narrowingi andi toi controli redshifti toi broadeni

thei bandwidth. Thei spectrali bandwidthi afteri thei compressori isi 50 nmi FWHM. Thei Bi integrali ofi

thei systemi isi estimatedi toi bei 1.4.

Thei outputi pulsesi arei compressedi ini ai vacuumi gratingsi compressori composedi ofi fouri 1740

l/mmi gold-coatedi holographic gratingsi (Lawrencei Livermorei Nationali Laboratory)i [26]. Ai dia-

grami ofi thei compressori isi showni ini Figure 2.3. Thei firsti andi fourthi gratingsi arei 42 cmi ×i 21

cmi ini size, andi thei secondi andi thirdi gratingsi arei 46 cmi ×i 21 cmi ini size. Thei Gratingsi andi roofi

mirrorsi arei showni ini Figure 2.4. Thei beami diameteri isi enlargedi toi 185 mmi beforei enteringi thei

compressori usingi ai reflectivei telescope. Thei totali transmissioni efficiencyi ofi thei compressori isi

70%, resultingi ini compressedi pulsesi ofi upi toi 26.3 Ji energy. Thei temporali intensityi profilei isi

reconstructedi byi ai single-shoti real-timei spectrali phasei measurementi devicei [27]. Thei measuredi

compressedi pulsei durationi isi 30 fsi (Figure 2.5), givingi ai peaki poweri ofi∼0.88 PWi fori thei highesti

energyi shotsi produced. Figure 2.6i showsi thei shot-to-shoti pulsei energyi variationi measuredi beforei
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Figure 2.4: Photographi ofi gratingsi (a),(b)i usedi ati CSU, alsoi thei roofi mirrori (c)i andi turningi mirror(d).

compressori fori ai seriesi ofi consecutivei shotsi ati 3.3 Hz. Thei averagei pulsei energyi isi 36.3 J, corre-

spondingi toi ani averagei poweri ofi 120 Wi beforei compression. Thei shot-to-shoti energyi variationi

isi ∼1.7%rms. Thei averagei pulsei outputi energyi afteri thei compressori isi 25.4 J, correspondingi toi
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ani averagei peaki poweri ofi 0.85 PWi andi ani averagei poweri ofi 85 W. Thisi isi thei highesti averagei

poweri reportedi toi datei fromi ai PWi class laser. Operationi ofi thei pumpi laseri ati itsi fulli designi goali

ofi 5 Hzi couldi potentiallyi generatei ani averagei poweri ofi 127 Wi afteri compression.

figures/chap2fig4.png

Figure 2.5: Autocorrelationi tracei ofi thei compressedi pulsesi obtainedi fromi ai single-shoti real-timei spectrali

phasei measurement.

figures/chap2fig5.png

Figure 2.6: Shot-to-shoti pulsei energyi variationi ofi Ti:Sa laseri pulsei beforei compressioni ati 3.3 Hzi repeti-
tioni rate.
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figures/chap2fig6.png

Figure 2.7: Doublingi efficiencyi asi ai functioni ofi inputi pulsei energy. Inset:i Spoti focusi withi f /2 parabolici

mirrori ati λi =i 400 nm.

Toi enablei experimentsi requiringi ultrahighi contrasti [28], thei 30 fs, λ=800 nmi laseri outputi

pulsesi werei frequencyi doubledi ini ai 0.8 mmi thicki antireflectioni coatedi KDPi crystal. Thei beami

diameteri ati thei crystali isi 185 mm. Thei λ=400 nmi secondi harmonici lighti isi separatedi fromi

thei 800 nmi fundamentali beami usingi ai sequencei ofi fivei dichroici mirrorsi withi 99.9%i reflectiv-

ityi ati λ=400 nmi andi ai transmittancei ofi >99.5%i ati thei fundamentali wavelength. Ai firsti seti ofi

frequency-doublingi experimentsi wasi conductedi usingi upi toi 80%i ofi thei outputi pulsei energyi avail-

ablei fromi thei Ti:Sa laser. Figure 2.7i showsi thei measuredi doublingi efficiencyi asi ai functioni ofi thei

energyi impingingi oni thei doublingi crystal.

Ai conversioni efficiencyi >40%i isi readilyi obtainedi fori inputi intensitiesi ofi 2×103
i GW/cm2, re-

sultingi ini λi =i 400 nmi pulsesi ofi >8 J. Becausei thei contrasti ofi thei λ=800 nmi pulsesi wasi measuredi

toi bei ∼5 ×i 106, thei second-harmonici pulsesi arei inferredi toi havei ai contrasti >1×1012. Beami fo-

cusingi isi accomplishedi withi ani f/2i off-axisi parabolici mirrori (OAP)i (f=370 mm). Ai deformablei

mirrori placedi afteri thei lasti amplifieri withi Shacki Hartmanni sensori feedbacki wasi usedi toi minimizei

39



thei spoti focusi diameteri toi ∼1.2 µmi FWHMi (Figure 2.7i inset), correspondingi toi ani intensityi ofi

∼6.5×1021
i W/cm2. Thei usei ofi ani f/1i OAPi willi allowi usi toi reachi intensitiesi >2×1022

i W/cm2.

Ani eveni higheri intensityi willi bei obtainedi usingi thei fulli energyi ofi thei pulsesi generatedi byi thei

PWi class Ti:Sa laser.

2.3 Conclusions
Ini conclusion, wei havei demonstratedi ai Ti:Sa CPAi laseri thati generatesi 0.85 PWi pulsesi ofi 30

fsi durationi ati 3.3 Hzi repetitioni rate. Thisi laseri isi enabledi byi ai frequency-doubledi high-energyi

flash-lamp-pumpedi Nd:glass zig-zagi slabi pumpi laseri designedi toi operatei ati repetitioni ratesi upi

toi 5 Hzi withi goodi beami quality. Pulsesi containingi 80%i ofi thei maximumi availablei energyi werei

frequencyi doubledi toi generatei ultrahigh-contrasti λ=400 nmi fsi pulses, whichi werei focusedi toi

obtaini ani intensityi ofi 6.5×1021
i W/cm2. Intensitiesi >2×1022

i W/cm2
i willi bei obtainablei usingi

f/1i focusingi optics. Thisi PW-class laseri willi enablei relativistici plasma experimentsi ati highi

repetitioni ratei andi willi extendi highi repetitioni ratei softi x-rayi lasersi toi shorteri wavelengths.
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Chapter 3

Compacti gain-saturatedi x-rayi lasersi downi toi 6.85

nmi andi amplificationi downi toi 5.85 nm2

3.1 Overview
Thisi chapteri presentsi resultsi ofi experimentsi ini whichi thei Ti:Sapphire laseri describedi ini thei

lasti chapteri isi usedi toi pumpi gaini saturatedi lasersi downi toi λi =i 6.85 nm. Plasma-basedi x-rayi

lasersi allowi single-shoti nano-scalei imagingi andi otheri experimentsi requiringi ai largei numberi ofi

photonsi peri pulsei toi bei conductedi ini compacti facilities. Previously, compacti repetitivelyi firedi

gain-saturatedi x-rayi lasersi havei achievedi wavelengthsi abovei λ=8.85 nm. Thei worki ini thisi thesisi

extendedi theiri rangei toi λi =i 6.85 nmi byi transienti travelingi wavei excitationi ofi Ni-likei Gdi ionsi ini

ai plasma createdi withi ani optimizedi pre-pulsei followedi byi rapidi heatingi withi ani intensei sub-psi

pumpi pulse. Isoelectronici scalingi alsoi producedi strongi lasingi ati 6.67 nmi andi 6.11 nmi ini Ni-likei

Tb, andi amplificationi ati 6.41 nmi andi 5.85 nmi ini Ni-likei Dy. Thisi scalingi toi shorteri wavelengthsi

isi obtainedi byi progressivelyi increasingi thei pumpi pulsei grazingi incidencei anglei toi accessi in-

creasedi plasma densities. Wei experimentallyi demonstratei thati thei optimumi grazingi incidencei

anglei increasesi linearlyi withi atomici numberi fromi 17 degreesi fori Z=42 (Mo)i toi 43 degreesi fori

Z=66 (Dy). Thei resultsi willi enablei applicationsi ofi sub-7 nmi lasersi ati compacti facilities.

3.2 Introduction
Thei needi fori bright, energetici ultrafast x-rayi laseri pulsesi hasi motivatedi thei commissioningi ofi

x-rayi freei electroni lasersi [1]. Alternatively, plasma-basedi x-rayi lasersi allowi manyi experimentsi

requiringi bright, highi energy, x-rayi laseri pulsesi toi bei conductedi ini compacti facilitiesi [2]–[6].

Thesei lasersi providei extremelyi monochromatici radiation, typicallyi ∆i λi /i λi =i 3 ×i 10−5[7], andi

2A. Rockwoodi eti al. ”Compacti gain-saturatedi x-rayi lasersi downi toi 6.85 nmi andi amplificationi downi toi 5.85
nm”i Opticai Vol. 5, Issuei 3, pp. 257-262 (2018)i c©i 2018 Opticali Societyi ofi America

46



wheni injection-seededi cani reachi fulli spatiali andi temporali coherencei [8]–[10]. Thei efficienti gen-

erationi ofi highi energyi x-rayi laseri pulsesi requiresi operationi ini thei gain-saturatedi regime. Ini thisi

regimei stimulatedi emissioni cani extracti thei majorityi ofi thei energyi storedi ini thei populationi in-

versioni [11]. Gaini saturationi ini plasma-basedi x-rayi lasersi wasi demonstratedi fori wavelengthsi asi

shorti asi 5.8 nmi ati largei laseri facilitiesi [12], [13]. However, thesei resultsi requiredi pumpi pulsei

energiesi oni targeti largeri thani 70 J, whichi limitedi thei repetitioni ratei toi ai fewi shotsi peri hour.

Alternatively, transienti table-topi lasersi [14], [15]i pumpedi byi picosecond laseri pulsesi ati grazingi

incidencei [16], [17]i requirei muchi lessi energyi andi cani operatei ati repetitioni ratesi ofi typicallyi 5-

10 Hzi ati wavelengthsi asi shorti asi 10.9 nmi [18]. Thei repetitioni ratei ofi thesei lasersi wasi recentlyi

increasedi toi 100 Hzi usingi pumpi lasersi pumpedi byi laseri diodesi [19], andi 400 Hzi operationi wasi

veryi recentlyi reportedi ati λi =i 18.9 nmi ini Ni-likei Moi [20]. However, thei extensioni ofi practi-

cali plasma-basedi x-rayi lasersi thati cani firei repetitivelyi toi sub-10 nmi wavelengthsi isi challenging.

Alessii eti al. usedi laseri pumpi pulsei energiesi ofi upi toi 7.5 Ji oni targeti toi extendi table-top, repetitivei

1 Hzi transienti collisionali softi x-rayi amplificationi downi toi 7.36 nmi [21]. Nevertheless, gaini sat-

uratedi operationi wasi limitedi toi ai shortesti wavelengthi ofi 8.85 nmi ini Ni-likei La. Ai morei recenti

experimenti conductedi ini Ni-likei Smi usingi ai Nd:i glassi pumpi laseri capablei ofi firingi ai shoti everyi

25 minutesi wasi reportedi toi approachi gaini saturationi [22]. However, thisi couldi noti bei verifiedi

duei toi largei pulse-to-pulsei outputi pulsei energyi variationsi andi thei lowi repetitioni ratei ofi thei pumpi

laser. Ini thei casei ofi thei 6.85 nmi linei ofi Ni-likei Gdi gaini wasi observedi ini ai plasma pumpedi byi

250 Ji pulses, buti thei amplificationi wasi fari fromi reachingi gaini saturationi [23]. Alternatively, col-

lisionali recombinationi isi beingi exploredi asi ai populationi inversioni mechanismi fori transitionsi toi

thei groundi statei toi extendi tablei topi lasersi toi shorteri wavelengthsi [24].

Herei thei extensioni ofi gaini saturatedi compacti repetitivei x-rayi lasersi downi toi 6.85 nmi (181

eV)i ini Ni-likei Gdi isi described. Furthermore, ini thei samei experimentsi wei observedi gaini ati eveni

shorteri wavelengthi transitions, downi toi 5.85 nmi (212 eV)i ini Ni-likei Dy. Thei experimentsi werei

performedi withi ai pumpi laseri capablei ofi firingi ati repetitioni ratesi upi toi 3.3 Hzi [25]. Wei alsoi

reporti measurementsi ofi thei optimumi grazingi incidencei pumpingi anglei necessaryi fori lasingi ati
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figures/setup1.png

Figure 3.1: Solidi renderingi ofi thei experimentali setupi fori thei pumpingi andi measurementi ofi thei plasma
basedi laser. Showingi ai normali pre-pulsei fallowedi byi ai shorti pumpingi pulsei ati ai grazingi incidence.

thesei wavelengths. Thei resultsi reportedi here, ini combinationi withi previousi measurementsi ofi thei

optimumi anglesi fori lasingi ini loweri Zi ions, allowedi usi toi experimentallyi determinei thei optimumi

pumpi anglei fori laseri operationi ati wavelengthsi betweeni 18.9 nmi andi 5.85 nm. Thei resultsi cani bei

usedi toi predicti thei optimumi anglesi thati willi bei requiredi fori lasingi ati shorteri wavelengths.

3.3 Experimentali seti upi andi methods
Thei x-rayi lasersi werei excitedi byi irradiatingi 1-2 mmi thicki solidi slabi targetsi withi ai sequencei

ofi twoi laseri pulsesi fromi ai λi =i 800 nmi chirpedi pulsei amplificationi Titanium:Sapphire (Ti:Sa)i

laser. Thei twoi pulsei sequencei consistedi ofi ai normal-incidencei pre-pulsei thati ionizesi thei plasma

toi thei vicinityi ofi thei Ni-likei ionizationi stage, followedi byi ai sub-picosecond pulsei impingingi

ati grazingi incidencei thati rapidlyi heatsi thei electronsi toi producei ai transienti populationi inversioni

byi collisionallyi electroni impacti excitation. Ai depictioni ofi thei experimentali setupi isi showni ini

Figure 3.1. Thei sub-picosecond pulsei hasi ai grazingi incidenti anglei ofi 35 degreesi ori 43 degreesi

fori Smi andi Gdi respectivelyi withi ai traveling-wavei excitationi velocityi ofi (1.0 ±i 0.03)c. Thei

pumpi laseri hasi fivei Ti:Sa stagesi ofi amplification, ofi whichi thei lasti threei arei pumpedi withi thei

frequency-doubledi outputi ofi highi energyi Nd:glass slabi amplifiersi thati wei havei operatedi ati repe-

titioni ratesi ofi upi toi 3.3 Hzi [25]. Ani acousto-optici programmablei dispersivei filteri wasi usedi afteri
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figures/spectrapulse1.png

Figure 3.2: Measuredi temporali profilei ofi pre-pulsei laser.

figures/spectradazzler1.png

Figure 3.3: Measuredi spectrumi ofi Ti:Sapphire withi andi with-outi usei ofi AOPDFi toi cuti bandwidth.
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thei laseri oscillatori toi tailori thei bandwidthi ofi thei laser. Thisi givesi usi thei abilityi toi adjusti thei

lengthi ofi thei un-compressedi pre-pulsei fromi 45 psi toi 300 psi toi findi thei optimali conditionsi fori

laseri amplification, whichi provedi criticali toi obtaini thei resultsi discussedi below. Also, thei intensityi

ratioi ofi thei pre-pulsei toi thei sub-picosecond pulsei wasi optimizedi usingi differenti beami splittersi

deflectingi 30%, 40%, ori 50%i ofi thei beami toi bei usedi asi pre-pulse. Optimumi pre-pulsei plasma

conditionsi werei obtainedi usingi ai 30%i andi 40%i beami splitteri toi generatei ai pre-pulsei withi inten-

sitiesi ofi Ii ∼i 1.7 ×i 1013
i W/cm2

i andi 2.5 ×i 1013
i W/cm2

i fori Smi andi Gdi respectivelyi withi 185 psi

duration. Thei pre-pulsei temporali profilei isi showni isi Figure 3.2. Thei chairi shapei comesi fromi thei

usei ofi thei AOPDFi (Dazzler)i toi cuti thei bandwidthi ofi thei stretchedi pulse. Thisi cuti resultsi ini thei

beginningi wavelengthsi receivingi largeri gaini andi hencei ai largeri amplitude. Thisi isi showni alsoi

byi lookingi ati thei spectrumi withi andi withouti thei AOPDFi asi seeni ini Figure 3.3. Byi cuttingi thei

bandwidthi wei werei ablei toi adjusti thei pulsei widthi ofi thei pre-pulse. Thei pre-pulsei wasi focusedi

ontoi thei targeti usingi thei combinationi ofi ai sphericali andi ai cylindricali lensi toi formi ai linei focusi

ofi approximatelyi 15 µmi FWHMi widthi andi 9 mmi ori 10 mmi lengthi fori Smi andi Gdi respectively.

Toi achievei efficienti pumpingi byi thei sub-picosecond pulse, wei developedi ai focusingi geometryi

designedi toi createi ai plasma columni ofi constanti widthi alongi thei target. Thisi focusingi method,

consistingi ofi twoi cylindricali mirrors, isi thei samei wei usedi previouslyi toi obtaini gain-saturatedi

lasingi ini Ni-Likei Lai ati 8.85 nmi [22]. Thei plasma createdi byi thei pre-pulsei isi allowedi toi expandi

toi reducei thei densityi gradienti andi subsequentlyi isi rapidlyi heatedi withi 7.1 Ji ori 7.3 Ji pulsei ofi ai

0.7 psi FWHMi durationi fori Smi andi Gdi respectively. Thisi pumpi pulsei isi shapedi intoi ai linei focusi

ofi approximatelyi 30 µmi ×i 9 mmi -i 10 mmi FWHM, correspondingi toi ani intensityi ofi Ii ∼3.5-3.7

×i 1015
i W/cm2

i fori Smi andi Gdi respectively. Thei targeti surfacei wasi tiltedi withi respecti toi thei axisi

ofi thei sub-picosecond pulsei toi definei ai grazingi incidencei anglei ofi 35 degreesi ori 43 degreesi fori

efficienti heatingi ini thei casei ofi bothi Smi andi Gdi respectively. Toi optimizei thei incidencei anglei wei

changedi thei anglei ofi thei targeti respecti toi thei shorti pulsei beami andi thei positioni ofi thei gratingi andi

CCD. Duei toi thei shorti durationi ofi thei gain, thei mismatchi betweeni thei propagationi velocitiesi ofi

thei pumpi pulsei andi thei amplifiedi pulsei significantlyi reducesi thei amplificationi ofi thei x-rayi laseri
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pulse. Toi overcomei thisi limitation, ai reflectioni echeloni [15], [26]i composedi ofi sixi adjustablei

mirrori segmentsi wasi usedi toi obtaini travelingi wavei excitation. Thei travelingi wavei velocityi wasi

adjustedi fori eachi newi angle, andi thei focusi wasi correctedi fori eachi angle.

Gaini measurementsi werei conductedi fori bothi thei Smi andi Gdi usingi singlei laseri shotsi andi

movingi thei targetsi 1mmi betweeni shots. Wheni thei Gdi laseri wasi operatedi ati 2.5-Hzi repetitioni

ratei thei targeti wasi translatedi ati ai speedi ofi 2.5 mmi s−1
i toi renewi thei surfacei afteri eachi shot. Thei

outputi ofi thei x-rayi lasersi wasi analyzedi usingi ai flat-fieldi spectrometeri withi ai nominallyi 1200-

lines/mmi variablei spacei gratingi positionedi ati ai grazingi incidencei anglei ofi 3 degreesi andi ai back-

illuminatedi CCDi detectori placedi ati 48 cmi fromi thei target. Zirconiumi filtersi withi ai thicknessi ofi

2.0 µmi werei usedi ini thei Smi andi Gdi experimentsi fori targeti lengthsi overi 4 mmi toi avoidi saturatingi

thei detectori andi toi eliminatei visiblei plasma lighti fromi reachingi thei detector. Thei filteri thicknessi

wasi reducedi toi 0.5 µmi fori thei measurementsi withi targeti lengthsi underi 4 mm. Ini thei casei ofi

Tbi andi Dyi wei usedi molybdenumi filtersi withi thicknessesi ofi 0.6 µmi andi 0.3 µmi respectively.

Thei x-rayi lasersi pulsei energiesi werei estimatedi fromi thei CCDi countsi takingi intoi accounti thei

attenuationi ofi thei filters, thei gratingi efficiencyi andi thei quantumi efficiencyi ofi thei detector.

figures/chap3pic1a.png

Figure 3.4: End-oni spectrai showingi thei λi =i 7.36 nm, 4d1
i S0-4p1

i P1 i laseri linei ofi Ni-likei Sm. Inserti showsi

thei spectrai regioni neari thei λi =i 6.85 nmi laseri linei withi scalei multipliedi byi 10.
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figures/chap3pic1b.png

Figure 3.5: Measuredi λi =i 7.36 nmi laseri intensityi asi ai functioni ofi thei pre-pulsei duration. Thei pointsi arei

thei averagei ofi severali laseri shotsi andi thei errori bari representsi onei standardi deviation.

figures/chap3pic1c.png

Figure 3.6: Measuredi laseri intensityi asi ai functioni ofi thei delayi betweeni thei peaki ofi thei pre-pulsei andi thei

peaki ofi thei shorti pulse. Thei plasma columni lengthi wasi 9 mm.

3.4 Resultsi

Figure 3.4i showsi ai typicali singlei shoti spectrai ofi thei Ni-likei Smi x-rayi laseri obtainedi createdi

byi depositingi 7.1 Ji energyi ofi sub-picosecond pulsei andi 4.3 Ji ofi pre-pulsei energyi oni target.
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Strongi amplificationi isi observedi ini thei 4d1
i S0-4p1

i P1 i transitioni ati λi =i 7.36 nmi (169 eV). Thei

pre-pulsei durationi wasi optimizedi toi maximizei laseri output. Figure 3.5i showsi thisi wasi foundi

toi occuri wheni thei pre-pulsei hasi ai FWHMi durationi ofi ∼i 185 ps. Thei delayi betweeni thei pre-

pulsei andi thei sub-picosecond pulsei controlsi thei plasma densityi andi densityi gradienti ini thei gaini

region, asi welli asi thei degreei ofi ionizationi (fractioni ofi Ni-likei ions)i ati thei timei ofi excitationi byi

thei sub-picosecond pulse. Figure 3.6i showsi thati thei maximumi laseri outputi intensityi isi observedi

wheni thei sub-picosecond pulsei arrivesi ati thei targeti ∼i 27 psi afteri thei peaki ofi thei 185 psi FWHMi

pre-pulse. Figure 3.7i illustratesi thei Smi x-rayi laseri intensityi growsi byi morei thani 3 ordersi ofi

magnitudei asi thei plasma columni lengthi increasesi fromi 3 mmi toi 8 mm. Saturationi ofi thei gaini isi

observedi toi havei ani onseti ati ai plasma-columni lengthi ofi approximatelyi 5.5 mm. Ai fiti ofi thei datai

withi ani expressioni fori thei gaini thati takesi intoi accounti saturationi [27]i yieldsi ai gaini coefficienti ofi

27.3 cm−1
i withi ai gain-lengthi producti ofi 16.6. Thei energyi ofi thei mosti intensei Smi laseri pulsesi

wasi estimatedi toi bei ∼i 1.8 µJi fromi thei CCDi counts, ai valuei thati isi sufficienti toi performi singlei

shoti imagingi [28].

figures/chap3pic2.png

Figure 3.7: Intensityi ofi thei λi =i 7.36 nmi laseri linei ofi Ni-likei Smi asi ai functioni ofi thei plasma-columni

length. Thei redi linei isi ai fiti ofi thei datai thati yieldsi ai gaini coefficienti ofi 27.3 cm−1
i andi ai gain-lengthi

producti ofi 16.6. Thei errori bari representsi 1 standardi deviation.
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Similari pre-pulsei andi sub-picosecond pulsei conditionsi werei usedi toi obtaini ai gain-saturatedi

6.85 nmi (181 eV)i laseri ini Ni-likei Gd. Figure 3.8i showsi ai seriesi ofi on-axisi spectrai asi ai functioni

ofi thei lengthi fori ai Gdi plasma columni createdi byi depositingi 7.3 Ji ofi sub-picosecond pulsei energyi

andi 6.9 Ji ofi pre-pulsei energyi oni ai polishedi Gdi slabi targeti withi otheri irradiationi parametersi

similari toi thosei describedi above. Figure 3.9i showsi thei increasei ini thei λi =i 6.85 nmi laseri linei

intensityi asi ai functioni ofi plasma columni length. Ai fiti toi thei datai givesi ai gaini coefficienti ofi 26.3

cm−1
i andi ai gaini lengthi producti ofi 16.2. Thei outputi pulsei energyi fori thei longesti plasma columni

lengthi isi ∼i 1 µJ. Weaki amplificationi wasi alsoi observedi fori thei λi =i 6.85 nmi linei ofi Ni-likei Smi

(seei Figure 3.8)i andi ini thei λi =i 6.33 nmi (196 eV)i linei ofi Ni-likei Gd.

figures/chap3pic3a.png

Figure 3.8: End-oni spectrai ofi ai line-focusi Gdi plasma columni showingi saturatedi amplificationi ini thei λi =i

6.85 nmi linei ofi Ni-likei Gd. Withi thei firsti twoi integrationsi plotsi oni thei righti multipliedi byi 5.

Thei resultsi werei modeledi andi analyzedi withi hydrodynamic/atomici physicsi simulationsi con-

ductedi withi thei codei Radexi [29]. Ai posti processori rayi tracingi codei wasi usedi toi modeli thei

softi x-rayi laseri beami propagationi alongi thei plasma column. Thisi allowedi usi toi computei thei
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Figure 3.9: Intensityi ofi thei λi =i 6.85 nmi laseri linei asi ai functioni ofi thei plasma-columni length. Thei

solidi redi linei isi ai fiti ofi thei datai thati yieldsi ai gaini coefficienti ofi 26.3 cm−1
i andi ai gain-lengthi producti

ofi 16.2. Thei errori bari representsi 1 standardi deviation. Thei blacki dashedi linei isi thei resulti ofi atomici

physics/hydrodynamici simulationi withi ai gain-lengthi producti ofi 16.9.

gaini saturationi behavior, thei rolei ofi refraction, thei x-rayi laseri outputi pulsei energyi andi thei beami

divergence. Toi computei thei smalli signali gain, thei Ni-likei ionsi werei modeledi withi 287 levelsi

includingi alli inneri andi outeri shelli 3l4li andi 3l5li levels, andi 2l4li inneri shelli levels. Otheri ionsi

ini thei vicinityi ofi thei Ni-likei werei modeledi usingi i 300 singlei andi doublyi exitedi levelsi usingi

atomici datai andi collisionali ratesi fromi thei codei HULLACi [30][3.30]. Ionsi fari fromi thei Ni-likei

statei werei modeledi withi justi thei lowesti energyi outeri shelli configurationi plusi thei lowesti inneri

shelli andi doublei excitedi levels. Thei atomici modeli wasi runi self-i consistentlyi withi thei hydroi codei

includingi upi toi 3000 levels. Wei observedi thati thei computedi gaini decreasesi asi thei complexityi ofi

thei atomici modeli andi thei numberi ofi levelsi isi increasedi untili thei resultingi gaini becomesi practi-

callyi insensitivei toi ai furtheri increasei ini thei numberi ofi levels. Thei dashedi curvei ini Figure 3.9i isi

thei resulti ofi thei modeli simulationsi ofi thei Gdi 6.85 nmi laseri fori thei pumpi conditionsi usedi ini thei

experimenti assumingi thei widthi ofi thei gaini regioni ini thei directioni paralleli toi thei targeti isi 10 µm.

Goodi agreementi withi thei experimentali resultsi isi observed. Thei modeli predictsi ai beami diver-
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gencei ofi 2.4 mradi ini thei directionsi paralleli toi thei target, ini goodi agreementi withi thei measuredi

valuei (Figure 3.10). Thei agreementi withi thei experimentali resultsi allowsi usi toi usei thei simula-

tionsi toi furtheri understandi thei operationi ofi thisi x-rayi laseri amplifier. Figure 3.11i andi Figure 3.12i

showsi thei computedi spatiali distributioni ofi thei beami intensityi asi ai functioni ofi plasma columni

length. Thei modeli simulationsi showi thati ini thei casei ofi thei higheri Z-ionsi refractioni shiftsi thei

maximumi gaini toi thei loweri densityi regioni ofi 4 -i 5 ×i 1020
i cm−3. Ati thisi densityi thei saturationi

intensityi isi computedi toi bei 1.2 ×i 1010
i W/cm2. Simulationsi showi thisi intensityi isi reachedi afteri

thei raysi traveli ∼i 6 mmi alongi thei plasma columni axis. Thei outputi intensityi isi computedi toi ex-

ceedi thei saturationi intensityi byi >i 3×i ati thei exiti ofi thei amplifier. Refractioni isi observedi toi shifti

thei amplifiedi beami progressivelyi awayi fromi thei targeti andi toi decreasei thei outputi pulsei energy.

Ini absencei ofi refractioni simulationsi predicti thei laseri pulsei energyi wouldi bei fivei toi teni timesi thei

amounti withi refraction, potentiallyi reachingi >10µJ.

figures/chap3pic4.png

Figure 3.10: Measuredi (bluei trace)i andi simulatedi (blacki dashedi trace)i Ni-likei Gdi laseri fari fieldi beami

intensityi profilei ini thei directioni paralleli toi thei targeti surface. Thei blacki dashedi linei isi thei modeledi fari

fieldi intensity, Thei FWHMi beami divergencei isi ∼i 2.4 mrad.
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figures/chap3pic5a.png

Figure 3.11: Computedi evolutioni ofi thei intensityi distributioni ofi thei x-rayi laseri beami ofi thei 6.85 nmi

linei ofi Ni-likei Gdi asi functioni ofi plasma columni length. Intensityi vsi distancei toi thei targeti fori increasingi

plasma columni lengthsi betweeni 0.4 andi 0.9 cm.

Thei demonstrationi ofi ai gain-saturatedi tabletopi laseri ati λi =i 6.85 nmi ini Ni-likei Gdi ati thisi re-

ducedi pumpi energyi alsoi opensi thei prospecti fori brighti high-repetition-ratei plasma-basedi lasersi ati

shorteri wavelengths. Ini progressi towardi thisi goali wei madei usei ofi isoelectronici scalingi alongi thei

elementsi ofi thei lanthanidei seriesi toi obtaini lasingi ini severali otheri shorteri wavelengthi transitionsi

fromi Ni-likei ions. Thei spectrai ofi Figure 3.13i showi thati thei usei ofi similari irradiationi conditionsi

fori Ni-likei Gdi resultedi ini strongi amplificationi ini thei λi =i 6.67 nmi (186 eV)i andi λi =6.11 nmi (203

eV)i transitionsi ofi Ni-likei Tb. Finally, wei havei alsoi observedi weaki amplificationi ini thei λi =5.85

nmi (212 eV)i andi λi =i 6.41 nmi (193 eV)i linesi ofi Ni-likei Dyi (Figure 3.13)i usingi thei samei pumpi

conditions. Thei limitedi observedi spreadi ofi thei linesi alongi thei verticali directioni ini thei detector,

whichi lengthi divergencei (normali toi thei dispersioni direction)i isi proportionali toi thei divergence,

showsi ai collimationi thati isi ai cleari indicationi ofi amplification. Anotheri evidencei ofi amplificationi

isi thei significanti shot-to-shoti variationsi ofi theiri intensity, indicativei ofi exponentiali amplificationi
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figures/chap3pic5b.png

Figure 3.12: Computedi evolutioni ofi thei intensityi distributioni ofi thei x-rayi laseri beami ofi thei 6.85 nmi

linei ofi Ni-likei Gdi asi functioni ofi plasma columni length. Pseudocolori mapi ofi thei laseri linei intensityi asi ai

functioni ofi distancei toi thei targeti andi plasma columni length.

ini thei non-saturatedi regime. Ini alli casesi thei travelingi wavei excitationi wasi kepti constanti andi

neari thei speedi ofi lighti ini vacuum. Thei spectrai ini Figure 3.13i showi thati thei intensityi ratioi ofi

thei longeri wavelengthi toi thei shorteri wavelengthi ofi thei twoi J=0-1 linesi becomesi smalleri asi Zi

increasesi [31], withi thei shortesti wavelengthi linei becomingi dominanti fori Ni-likei Dy, asi alreadyi

observedi ini ai normali incidencei pumpingi experimenti withi muchi largei laseri pumpi energiesi [12],

[32].

Anotheri aspecti ofi thesei amplifiersi isi thei facti thati collisionali x-rayi laseri amplificationi ati

shorteri wavelengthsi favorsi higheri plasma densities. Thisi isi showni byi thei increasei ofi thei grazingi

incidencei anglei ofi thei sub-picosecond pulsei necessaryi fori optimumi laseri amplification, whichi isi

relatedi toi thei electroni densityi ati whichi thei pumpi raysi refracti [33]. Combiningi thei experimentali

datai ofi optimumi pumpi incidencei anglei obtainedi ini thisi worki toi ouri previouslyi publishedi datai fori

grazingi incidencei pumpingi fori lasingi ini loweri Zi Ni-likei ionsi [17], [18], [22], [34]i iti isi possiblei toi

experimentallyi mapi thei dependencei ofi thei optimumi pumpi anglei andi plasma densityi fori ai largei

rangei ofi Zi andi lasingi wavelengths. Thisi providesi bothi ai benchi marki fori simulationi codes, asi welli
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figures/chap3pic6.png

Figure 3.13: End-oni spectrai showingi lasingi ati progressivelyi shorteri wavelengthsi ini thei 4d1
i S0-4p1

i P1 i

linei ofi nickel-likei lanthanidei ions, downi toi λi =i 5.85 nmi ini nickel-likei Dysprosium.

figures/chap3pic7a.png

Figure 3.14: Measuredi optimumi grazingi incidencei anglei asi ai functioni ofi atomici number. Thei dashedi

linei isi ani extrapolationi ofi thei data.

asi ai predictioni ofi thei optimumi conditioni fori furtheri scalingi thesei lasersi toi shorteri wavelengths.

Thei increasei ini irradiationi anglei isi observedi toi bei lineari overi ai broadi rangei ofi atomici numbersi
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Figure 3.15: Thei optimumi grazingi incidencei anglei aextrapolationi ofi thei data.

rangingi fromi Z=i 42 (Mo)i toi Z=66 (Dy)i (Figure 3.14). Ini thisi rangei ofi Zi thei optimumi picosecond

ori sub-picosecond pulsei irradiationi anglei isi observedi toi increasei fromi ai grazingi incidencei anglei

ofi ∼17 degreesi fori Moi toi 43 degreesi fori Dy. Thisi correspondsi toi ani increasei ini electroni densityi

fromi 1.5 ×i 1020
i cm−3

i toi 8 ×i 1020
i cm−3. Asi discussedi abovei thei modeli simulationsi showi thati

ini thei casei ofi thei higheri Z-ionsi refractioni shiftsi thei maximumi gaini toi thei loweri densityi region.

3.5 Conclusioni

Ini conclusion, wei havei extendedi compacti gain-saturatedi plasma-basedi lasersi toi thei short-

esti wavelengthi toi date:i 6.85 nm. Wei havei alsoi observedi laseri amplificationi ini otheri Ni-likei

lanthanidei ionsi ati wavelengthsi asi shorti ati 5.85 nm, openingi thei possibilityi ofi scalingi table-topi

gaini saturatedi lasersi toi eveni shorteri wavelengths. Thei optimumi sub-picosecond pulsei irradia-

tioni anglei fori thei excitationi ofi transienti gaini saturatedi Ni-likei x-rayi lasersi wasi determinedi fromi

experimentali measurementsi toi increasei linearlyi fori elementsi rangingi fromi Zi =i 42 toi Zi =i 66.

Thei resultsi willi makei possiblei applicationsi requiringi brighti laseri pulsesi withi ai largei numberi ofi
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photonsi ati thesei shorti wavelengths, suchi asi singlei shoti ultra-highi resolutioni imagingi ofi dynamici

nano-scalei phenomenai toi bei realizedi ati compacti facilities.
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Chapter 4

Singlei shot, largei fieldi ofi view, Fourieri transformi

holographyi withi 5 psi resolutioni usingi ani 18.9 nmi

laser

4.1 Overview
Thisi chapteri discussesi thei demonstrationi ofi singlei shoti Fourieri transformi holographyi withi ai

temporali resolutioni ofi 5 psi realizedi usingi ai plasma basedi highlyi coherenti Ni-likei molybdenumi

SXRi laseri ati 18.9 nm. Thei SXRi laseri isi pumpedi byi thei Ti:Sapphire laseri describedi ini Chapteri 2.

Toi achievei thei highi spatiali coherencei necessaryi fori holography, thei SRXi sourcei isi implementedi

usingi ai dual-plasma schemei ini whichi ai smalli fractioni ofi thei wavefronti generatedi fromi ai firsti

SXRi laseri plasma amplifieri isi injectedi ini ai secondi plasma amplifieri toi providei ai fullyi spatiallyi

coherenti seed. silver nano-wires 200 nmi ini diameteri werei imagedi overi ai 7 µmi diameteri fieldi

ofi viewi utilizingi ai referencei beami focusedi throughi ai 3 µmi holei byi ai 200 nmi outeri zonei freei

standingi zonei platei (ZP). Thei finali acquiredi imagei isi numericallyi reconstructedi byi 2Di Fourieri

transform. Thei 10%−i 90%i knifei edgei spatiali resolutioni isi measuredi toi bei 62 nm.

4.2 Introduction
High-resolutioni imagingi isi ani importanti diagnostici tooli ini fundamentali sciencei andi technol-

ogy. Thei usei ofi photonsi ini placei ofi electronsi fori imagingi ini thei nano-scalei providesi higheri

penetrationi depth, chemicali sensitivityi andi simpleri samplei preparationi [1], [2]. Thei achievablei

spatiali resolutioni r i scalesi linearlyi withi thei wavelengthi [3]

r = 0.61λ/NA (4.1)
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NAi isi thei numericali aperturei andi λi isi thei wavelength. Becausei ofi itsi shorti wavelengthi range,

SXRi lighti enablesi thei opportunityi toi achievei veryi highi spatiali resolution. However, onei ofi thei

maini limitationsi ini implementingi highi resolutioni SXRi imagingi isi adequatei opticsi fori imagingi

and/ori focusingi thei beamsi [4]–[6]. Ati SXRi wavelengthsi compensatingi fori aberrationsi typicallyi

presenti ini zonei platesi usedi toi focusi thei beamsi isi ai difficulti task. Thisi willi bei discussedi lateri

oni ini thisi chapter. Alternativei imagingi techniquesi thati geti aroundi thisi problemi arei basedi oni

eliminatingi thei opticsi alli togetheri andi measuringi thei SXRi scatteredi lighti directly. Byi measuringi

thei scatteri lighti andi usingi phasei retrievali algorithmsi iti isi possiblei toi calculatei thei missingi phasei

informationi [7]. Onei suchi techniquei isi knowni asi coherenti diffractivei imagingi (CDI). CDIi usesi

phasei retrievali algorithmsi takingi advantagei ofi alli thei knowni informationi toi numericallyi recon-

structi thei imagei fromi thei fari fieldi diffractioni pattern. Potentiali limitationsi ofi thisi techniquei arei

thati resultsi arei heavilyi dependenti oni recordingi parametersi suchi asi thei linearityi ofi thei detector,

thei spatiali coherencei ofi thei source, andi itsi bandwidthi thati determinesi thei temporali coherence,

thei ratioi ofi oversamplingi andi thei signal-to-noisei ratioi ini thei measuredi datai [8], [9]. Usingi CDIi

ini bothi 2-Di andi 3-D, resolutionsi ofi∼i 5 nmi werei achievedi [10], [11]i usingi ani undulatori beamlinei

andi ai free-electroni laseri (FEL)i respectively. Highi photoni fluxi isi criticali toi achievei thisi resolu-

tion. CDIi havei beeni usedi toi performi highi resolutioni imagingi ini ai varietyi ofi fieldsi includingi

imagingi thei moderni semiconductori integratedi circuitsi andi it’si completei 3Di structurei [12], inves-

tigatei biologicali nano-scalei structuresi [13], andi mapingi thei chemicali compositioni ini thei studyi

ofi delithiationi ini ai nanoplatei ofi LiFePO4[10]. Resolutionsi asi highi asi 13 nmi havei beeni obtainedi

usingi tablei topi sources[14], [15]. Byi usingi picosecond andi femtosecondi pulsesi ini pump-probei

experiments, fasti processesi havei beeni studiedi [16], [17]

Ani alternativei approachi ofi Fourieri transformi holographyi (FTH)i isi utilizedi ini thisi work. Ini

FTHi thei referencei beami isi ai pointi source. Retrievali ofi thei objecti wavei intensityi andi phasei isi

achievedi byi computingi thei 2 dimensionali Fourieri transformi ofi thei recordedi hologram. Recon-

structingi thei imagei isi veryi fasti andi robust. Therei arei severali factorsi thati determinei thei achiev-

ablei spatiali resolutioni andi fieldi ofi view. Becausei thei reconstructioni ofi thei imagei isi obtainedi
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byi ai convolutioni withi thei referencei pointi source, thei spatiali resolutioni isi relatedi toi thei sizei ofi

thisi referencei source. Oni thei otheri hand, thei fieldi ofi viewi isi directlyi linkedi toi thei spatiali andi

temporali coherencei ofi thei laseri usedi fori thei recording. Otheri experimentali parametersi likei thei

numericali aperturei andi thei detectori pixeli sizei limitsi thei maximumi spatiali frequencyi thati cani bei

recordedi andi consequentlyi setsi ai limiti oni thei spatiali resolutioni [18], [19]. Ini mosti ofi thei FTHi ex-

perimentsi thei referencei pointi sourcei isi obtainedi illuminatingi ai smalli pinholei locatedi ini thei samei

planei asi thei object. Becausei thei spatiali resolutioni isi directlyi relatedi toi itsi size, ai simplei strategyi

toi improvei thei resolutioni isi toi reducei thei diameteri ofi thei pinhole. However, thisi decreasesi thei

intensityi ofi thei referencei beam. Thei consequencei isi thati iti becomesi hardi toi obtaini goodi visibilityi

interferencei fringesi becausei thei referencei andi thei objecti beamsi havei veryi dissimilari intensities.

Previousi worki ati synchrotronsi producedi half-pitchi resolutionsi ofi∼50 nmi usingi Fourieri trans-

formi holographyi (FTH). Thei referencei structurei wasi thei limitingi factor. [20], [21]. Thei FTHi

imagingi methodi withi x-rayi pulsesi fromi ai FELi withi femtosecondi temporali resolutioni producedi

groundbreakingi studiesi ofi ultrafast magnetismi [17], [22]. Lookingi ati SXRi imagingi outsidei FELi

andi synchrotrons, ini 2009 thei highesti resolutioni obtainedi wasi 53 nmi ini ani experimenti whichi

usedi ai highi harmonici source. Thei acquisitioni timei wasi ini thei rangei ofi hoursi [23]. Ini 2018, FTHi

usingi ai highi harmonici sourcei achievedi ai half-pitchi resolutioni ofi 34 nmi withi ai muchi reducedi

exposurei timei ofi onlyi tensi ofi seconds. Thisi experimenti wasi ini thei transmissioni geometryi andi

hadi ai 50 nmi referencei holei fori thei sphericali wave[24]. Ini 2010, usingi ai singlei shoti plasma basedi

SXRi laser, ai resolutioni ofi 87nmi wasi obtained[25]. Ini thesei experiments, ai resolutioni beyondi thei

sizei ofi thei referencei holei wasi madei possiblei byi thei usei ofi multiplei referencei holesi thati createi

multiplei imagesi thati werei processedi withi iterativei phasei retrievali imagingi algorithms. Ini thei

FTHi experimentsi mentionedi ini [25]i ai resolutioni ofi 87nmi withi ai singlei shoti wasi reached. Thei

areai imagedi wasi limitedi toi 3µimi byi 3µimi (9 µim2
i )ini whichi halfi thei areai wasi opaque. Thisi

wasi mostlyi limitedi byi thei insufficienti amounti ofi lighti thati passedi throughi thei referencei pinholesi

comparedi toi thei amounti thati wasi transmittedi throughi thei sample. Ini thei worki byi G. K. Tadessei

eti al. [24]]i whoi obtainedi 34 nmi resolution, thei imagedi objecti areai wasi 0.075 µim2.
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Ini thei worki performedi asi parti ofi thisi dissertation, wei followedi ani alternativei approach. In-

steadi ofi usingi ai singlei ori multiplei pinholei asi thei pointi referencei source, wei usedi ai customi madei

Fresneli zonei platei consistingi ofi ai zonei platei withi ai centrali aperture. Thisi speciali zonei platei

playedi thei rolei ofi ai beami splitter, generatingi thei pointi sourcei fori thei referencei throughi thei focali

pointi formedi byi thei peripheryi ofi thei zonei plate, whilei thei objecti beami wasi transmittedi throughi

thei centrali opening. Thisi experimentali setupi wasi usedi beforei withi ai synchrotroni sourcei toi im-

agei magnetici materialsi [26]. Ini ouri experimenti wei werei ablei toi achievei ai resolutioni ofi upi toi

62nmi withi ai singlei shoti SRXi laseri illumination, yieldingi ai simultaneousi temporali resolutioni ofi

5 ps. Thei utilizationi ofi thei zonei platei withi ai centrali aperturei hasi thei immediatei consequencei

toi increasesi thei amounti ofi lighti ini thei referencei sourcei byi ordersi ofi magnitudei andi thereforei

increasesi thei areai ofi thei objecti byi equalizingi thei intensitiesi ofi thei objecti andi referencei beams.

Ini thei experimenti presentedi herei thei areai imagedi wasi 38.5 µim2
i ori 8.5 timesi ini Ref.[25]i andi

500 timesi thei areai ini Ref. [24]. Byi controllingi thei axiali positioni ofi thei ZPi iti isi possiblei toi

controli thei focali planei ofi thei reconstructedi imagei toi placesi otheri thani thei planei directlyi oni thei

substrate. Thisi isi discussedi ini morei detaili ini sectioni 4.3.2.

4.3 Experimentali Setup
Figure 4.1i showsi ai diagrami ofi thei experimentali setup. Ani incomingi coherenti SXRi laseri

impingesi oni ai customi madei ZPi thati isi usedi asi ai beami splitter. Thei centrali aperturei ofi thei ZPi

allowsi thei incomingi beami toi illuminatei ani objecti areai locatedi ini ai secondi planei downstream.

Thei remainingi parti ofi thei beami thati impingesi ini thei peripheryi ofi thei ZPi isi focusedi intoi ai focali

pointi placedi ini thei samei planei asi thei object. Thei scatteredi beami ini thei objecti andi thisi referencei

beami interferei andi thei resultingi fringesi arei recordedi oni ai CCD. Thei interferencei patterni consti-

tutesi ai hologrami thati cani bei rapidlyi processedi toi producei ai reconstructedi image. Thisi setupi fori

producingi thei hologrami isi capablei ofi recordingi holographic imagesi withi ai temporali resolutioni

giveni byi thei pulse-widthi ofi thei illuminatingi laseri (5 ps)i andi ai spatiali resolutioni giveni byi thei

focusi spoti sizei ofi thei ZP.
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figures/withab1.png

Figure 4.1: (a)i Depictioni ofi thei Fourieri holographyi setupi withi zonei platei andi samplei withi thei twoi holesi

followedi byi ai CCD. (b)i Zoomi ini ofi thei samplei andi thei differenti SRXi laseri beamsi ini thei setup.

4.3.1 Highlyi coherenti SXRi laser

Thei implementationi ofi softi x-rayi FTHi requiresi ofi ai coherenti softi x-rayi source. Recently,

laseri driveni HHGi sourcesi withi ai photoni fluxi upi toi 1014
i photons/secondi havei beeni demonstratedi

[27]–[29]. Howeveri thesei sourcesi arei limitedi ini thei energyi peri pulse, thati isi typicallyi ini thei
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orderi ofi 2×i 109
i photonsi fori ai wavelengthi ofi 57 nmi [27], 107

i photonsi fori ai wavelengthi ofi 31nmi

[27]i andi 2 i×i 104
i photonsi fori ai wavelengthi ofi 10 nmi [28]. [18]. Oni thei otheri hand, plasma

basedi SXRi lasersi deliveri ordersi ofi magnitudei morei photonsi peri pulse. Ini thei casei ofi thei laseri

sourcei usedi ini thisi experimenti ∼i 2 ×i 1011
i photonsi peri shoti ati wavelengthsi ofi 18.9 nm, whichi

makesi iti ai betteri fiti fori singlei shoti imagingi experiments. plasma basedi lasersi havei beeni usedi

fori conventionali microscopyi withi spatiali resolutionsi downi toi 38 nmi usingi ai 13nmi wavelengthi

laser[30]. Gabori holographyi withi ai resolutioni ofi 46 nmi hasi beeni demonstratedi withi ai SXRi

plasma basedi laseri ati 46.9 nmi [31].

Ini ai softi x-rayi laseri thati operatesi ini thei ASEi regimei ai spatiallyi coherenti SXRi beami mayi

bei generatedi byi amplificationi ini ai gaini mediumi withi thei Fresneli numberi N<1[32], wherei N =

a2/fλL i ini whichi ai andi f i arei thei radiusi andi lengthi ofi thei amplifier, respectivelyi andi λL i isi thei

laseri wavelength. Ini earlieri plasma-basedi lasers, thisi conditioni wasi noti satisfiedi eveni thoughi

thei effectivei gaini lengthi wasi increasedi byi double-passi amplificationi [33]–[35]. Eveni withi mul-

tipassi amplificationi [36], whichi sufficientlyi fulfilledi thisi condition, thei spatiali coherencei hasi noti

significantlyi improved. Anotheri factori thati limitsi thei spatiali coherencei isi thei largei gradienti ini

thei refractioni indexi thati appeari ini thei gaini mediumi plasma, discussedi ini Chapteri 1. Attemptsi

toi compensatei thei x-rayi refractioni usingi curvedi targetsi [37]i hasi alsoi noti beeni sufficienti toi sig-

nificantlyi improvei thei coherence. Toi achievei thei spatiali coherencei necessaryi fori holographic

recordingi wei usedi ai SXRi laseri schemei withi twoi plasma amplifiersi locatedi ini thei samei axisi

asi showni schematicallyi ini Figure 4.2. Thei firsti plasma amplifieri actsi asi thei seed, producingi ai

laseri beami thati isi spatiallyi filteredi byi thei secondi amplifieri column. Thei techniquei ofi ai doublei

plasma amplifieri toi improvei thei spatiali coherencei ofi thei SXRi laseri wasi firsti demonstratedi byi

M. Nishikinoi eti al. [38]. Ini ouri experimenti thei seedi andi thei amplifieri plasma columnsi werei

separatedi byi 24.5 mm. Thisi distancei assuresi thati onlyi ai smalli fractioni ofi thei seedi wavefronti isi

furtheri amplified, allowingi fori ai highi spatiali coherencei amplifiedi beami duei toi spatiali filtering.

Thei SXRi laseri usedi ini thisi experimenti madei usei ofi ai 18.9 nmi Mo+18 plasma amplifieri bothi

fori thei seedi andi thei boosteri amplifieri columns. Thei twoi amplifieri columnsi werei pumpedi withi
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ani adequatei delayi soi thei seedi laseri wouldi seei ai peaki amplificationi wheni travelingi throughi ati

thei boosteri amplifieri column. Thei coherencei resultingi fromi thei two-stagei amplifieri schemei wasi

measuredi usingi ai Young’si doublei sliti experiment. Thei beami wasi senti throughi twoi slitsi inter-

sectingi thei fari sidesi ofi thei beami andi thei interferencei patterni wasi detectedi ini ai CCD. Thei resultsi

fromi thisi measurementi arei showni ini Figure 4.3. Thei spatiali coherencei isi directlyi relatedi toi thei

fringei visibilityi [39]. Thei highi contrasti ini thei interferencei fringesi obtainedi ini ouri experimenti

showni ini Figure 4.3i isi thei signaturei ofi ai practicallyi fullyi transversei coherenti beam.

figures/chap1fig8.png

Figure 4.2: Depictioni ofi thei seedi andi amplifieri setupi usedi byi CSUi toi createi spatiallyi coherenti SXRi

beam.

i i Thisi seedi amplifieri SRXi laseri configurationi alsoi improvesi thei beami divergencei asi discussedi

ini Chapteri 1 andi showni ini Figure 4.4. Ini Figure 4.4(a)i ai typicali SXRi laseri shoti fromi thei firsti

plasma amplifieri showsi ai divergencei ofi thei orderi ofi 5 mrad. Addingi thei secondi plasma amplifieri

automaticallyi improvedi thei divergence, becausei onlyi ai smalli portioni ofi thei beami isi furtheri am-

plifiedi yieldingi toi ai loweri divergencei (1 mrad)i andi ai highi spatiali coherencei (Figure 4.4(b)). Thei

usei ofi thei seed-amplifieri configurationi givesi usi ani 18.9 nmi laseri withi goodi spatiali coherence, ai

pulsei durationi ofi 5 psi andi ai lowi divergei beami thati allowi usi toi concentratei thei energyi ini ai smalli

areai

i
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figures/chap4pic2.png

Figure 4.3: Duali molybdenumi amplifieri SXRi 18.9nmi beami afteri passingi throughi ai doublei sliti showingi

interferencei andi goodi spatiali coherence.

figures/chap1fig9a.png

(a) i

i

figures/chap1fig9b.png

(b) i

Figure 4.4: (a)i Unseededi Ni-likei Moi 18.9nmi SXRi laseri ini thei fari field. Thei sharpi linei comesi fromi thei

secondi amplifiersi shadow. (b)i Seededi Ni-likei Moi 18.9nmi SXRi laseri ini thei fari field. Thei intensitiesi ini

colori ofi thei twoi imagesi arei noti normalizedi becausei ifi theyi werei youi wouldi havei ai difficulti timei seeingi

thei unseededi beami asi iti isi severali timesi weaker.

4.3.2 Zonei Plate

Ini thei FTHi setupi thati wei usedi ini thisi work, thei referencei andi illuminationi beamsi werei

producedi byi ai ZPi thati isi usedi asi ai beamsplitter. Thei referencei beami camei fromi thei 3rdi orderi

diffractedi beami thati producesi ai focali pointi thati constitutesi ai sphericallyi divergingi beami afteri thei

focus. Thisi focusi isi senti throughi ai pin-holei withi ai diameteri ofi 3 µm. Thei pin-holei servesi thei

purposei toi blocki thei otheri ordersi producedi byi thei ZPi thati wouldi bluri thei interferencei pattern.
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Thei samplei isi illuminatedi byi thei lighti thati passesi throughi thei centrali holei 30 µmi ini diameteri ini

thei ZP.

Thei objecti beami andi thei sphericali referencei beami interferei toi producei thei interferencei pat-

terni whichi isi storedi ini thei CCDi camerai asi ai hologram. Thei reconstructioni ofi thei hologrami isi

performedi byi ani FFTi operation, thati producesi ani imagei ofi thei objecti ati thei samei planei wherei

thei referencei sourcei wasi located. Thisi propertyi allowsi fori thei inspectioni ofi thei objecti ati dif-

ferenti planesi alongi thei opticali axisi byi displacingi thei ZP. i i Usingi ai ZPi toi generatei thei pointi

referencei beami servesi twoi purposes. Firstly, gathersi ai largeri fractioni ofi thei illuminatingi beami

isi gathered. Thisi allowsi fori ai betteri intensityi equalizationi betweeni thei objecti andi thei referencei

beams. Secondly, ai smalli focali pointi isi optainedi thati servesi asi thei pointi source. Ai schemei ofi

ai ZPi andi thei differenti orderi focusesi isi showni ini Figure 4.5. Fori ai ZPi thei achievablei spoti sizei

ratiosi followsi thei equationi thati isi directlyi relatedi toi thei Rayleighi resolution.

rnull =
0.610λ

NA norder
= ∆rRayl (4.2)

Byi substitutingi NiA ' i λ
2∆ir

ii wherei ∆ir i isi thei outeri zonei widthi spacingi wei geti ani achiev-

ablei resolutioni of.

∆rRayl =
1.22∆r

norder
(4.3)

Fromi equationi (4.3)i iti isi cleari thati toi usei ai higheri orderi oni thei ZPi cani obtaini ai higheri

resolution. However, thei drawbacki isi thei diffractioni efficiencyi ofi thei ZPi decreasesi withi thei

orderi number. Ini ai selfi standingi ZP, halfi thei incidenti lighti isi losti duei toi absorption. Thei 0th i

orderi hasi abouti 25%i ofi thei incidenti light, thei 1st i andi −1st i ordersi hasi aroundi 10%i ofi thei lighti

eachi whilei thei 3rd i orderi hasi aroundi 1%i ofi thei incidenti lighti oni thei ZPi [3]. Higheri ordersi willi

havei eveni ani loweri fractioni ofi thei availablei incidenti beam.

Ini outi experimenti wei foundi thati thei 3rd i orderi fromi thei ZPi hadi ani adequatei intensityi toi

achievei goodi visibilityi fringes. Thei ZPi wei usedi wasi ai freei standingi 0.5 mmi outeri diameteri
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ZPi withi ani outeri zonei widthi ofi 200 nmi andi ani inneri holei withi ai diameteri ofi 30 µm. Thisi ZPi

wasi originallyi madei fori ai 46.9 nmi laseri andi toi bei usedi ini thei 1st i order. Thei ZPi wasi madei byi

Lawrencei Berkeleyi Nationali Laboratory’si Materialsi Sciencesi Division. Thei 3rd i orderi focali pointi

hasi ai calculatedi spoti sizei ofi 81 nm.

figures/7-Figure2-1.png

Figure 4.5: Depictioni ofi ai zonei platei andi thei differenti orderi focusi andi directions. (fromi [40]).

4.3.3 Samplei holderi andi CCDi

Thei objecti wei usedi consistedi ofi ani ensemblei ofi 200 nmi ini diameteri silver nano-wires thati

werei randomlyi placedi oni ai samplei holder. Thei samplei holderi wasi composedi ofi ai 50nmi thicki

Si2N3 i membranei coatedi withi 5nmi Cri andi 30nmi Aui layersi toi enhancei thei absorption. Ini thei

opaquei membranei ai 7 µmi diameteri regioni wasi lefti withouti thei Cri andi Aui coatingsi producingi ai

regionsi withi higheri transmissioni (approximatelyi 57%)i fori thei laseri beam. Thisi circulari regioni

definedi byi lithographyi playsi thei rolei ofi thei samplei holder. Additionallyi ai 3 µmi holei wasi definedi

ini thei membranei toi allowi fori thei passagei ofi thei referencei beami producedi byi thei 3rd i orderi focusi

ofi thei ZP. Thei pinholei fori thei referencei beami wasi locatedi 8 umi fromi samplei holei asi showni
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ini Figure 4.6. Thei Agi nano-wires werei spini coatedi oni topi ofi thei samplei holderi membranesi ini

suchi ai wayi thati somei nano-wires werei randomlyi depositedi oni topi ofi thei largeri (7 µmi )i highi

transmissioni region. Twoi differenti samplesi werei preparedi followingi thisi protocol. Scanningi

electroni microscopei imagesi ofi thei twoi samplesi arei showni ini Figure 4.6.

Maximizingi thei usefuli fieldi ofi view

Thei imagedi areai wasi maximizedi underi thei followingi constraints:i Thei minimumi distancei

betweeni thei twoi holesi hasi toi bei morei thani thei diameteri ofi thei largei hole. Thisi isi toi fulfilli thei

separationi criterion. Ini thei FFTi reconstructioni process, thei centrali parti ofi thei imagei correspondsi

toi thei autocorrelationi ofi thei objecti wave. Thei usefuli imagei isi obtainedi byi thei correlationi betweeni

thei objecti wavei andi thei pointi referencei wave, thati hasi toi bei separatedi fromi thei opticali axisi ati

leasti byi ai distancei equali toi thei diameteri ofi thei objecti wavei ini orderi toi noti geti mergedi withi

thei autocorrelationi signal. Thisi cani bei seeni byi thei brighti areai ini thei middlei ofi Figure 4.8(a)i

. Thei samplei highi transmissioni regioni alsoi needsi toi bei illuminatedi withi thei lighti travelingi

throughi thei centrali openingi ofi thei ZP. Thisi makesi thei maximumi distancei fromi thei referencei

holei 15 µmi whichi leavesi ai distancei ofi 7 µmi fori ai samplei area. Thei distancei betweeni thei

referencei holei andi thei samplei alsoi determinesi thei spatiali frequencyi ofi thei interferencei fringes.

Sincei ai pixelatedi CCDi isi usedi toi recordi thei hologrami thei sizei ofi thei detector’si pixelsi limitsi

thei minimumi interferencei fringei sizei toi twoi pixelsi ini orderi toi recordi thei interferencei withouti

aliasing.

4.4 Results
Ai typicali hologrami isi showni ini Figure 4.7. Thei rawi datai wasi furtheri processedi beforei apply-

ingi thei FFTi ini orderi toi improvei thei imagei qualityi afteri thei finali reconstruction. Thei hologrami

wasi multipliedi byi ai maski toi zeroi outi thei regionsi ofi outsidei thei zonei withi interferencei fringesi toi

reducei thei influencei ofi thei noise. Preformingi ai fasti Fourieri transformi (FFT)i oni thei datai finallyi

resultedi ini ani imagei ini thei objecti ati thei planei ofi thei ZPi focus. Thisi isi showni ini Figure 4.8.

Byi zoomingi ini oni thei areai ofi interesti thei nano-wires arei clearlyi visible. Thei twoi samplesi werei
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figures/chap4pic8.png

Figure 4.6: Electroni microscopei imagei ofi twoi samplesi usedi ini thisi work. Eachi samplei hasi ai 7 µimi holei

withi 200 nmi silver nanowires overi iti andi ai 3 µimi holei separatedi byi 11 µim.

imagedi usingi ai SEMi toi havei ai referencei toi comparei withi thei holographic images. Both, SEMi

andi holograms, arei showni ini Figure 4.9i

figures/chap4pic4.png

Figure 4.7: Typicali singlei shoti SXRi Fourieri holographyi imagei takeni withi ai zoomi ofi thei fringei pattern.
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figures/chap4pic5a.png

Figure 4.8: (a)i Thei Fourieri transformi ofi thei hologrami (b)i Ai zoomi ofi thei sectioni showingi thei samplei andi

thei 200nmi silver nano-wires.

Thei resolutioni wasi measuredi toi bei 62 nmi usingi thei 10%i toi 90%i knifei edgei criterioni [41].

Onei typicali crossi sectioni ofi thei imagei isi showni ini Figure 4.10, withi ai smalli redi segmenti indi-

catingi thei regioni wherei thei cuti wasi performedi ini thei reconstructedi image.

Thei utilizationi ofi thei ZPi toi implementi thei pointi referencei sourcei allowedi fori ani extendedi

fieldi ofi viewi ofi 38.5 µim2. Thisi areai isi upi toi 500 timesi largeri thani formeri reportedi work[24],

[25]. Thisi isi ai significanti improvementi thati increasei thei possibilitiesi ofi SXRi FTHi fori practicali

nanoscalei imagingi applications. Eveni withi smalli modificationsi toi thisi seti upi iti isi possiblei toi

increasei thei imagingi areai toi 241 µim2. Thisi isi accomplishedi byi increasingi thei highi transmissioni

regioni toi ai halfi doughnuti shapedi designi insteadi ofi thei circle. Thisi wouldi utilisei alli thei areai thati

isi illuminatedi byi thei centrali openingi ini thei ZP. Thei areai couldi alsoi bei largeri byi increasingi thei

sizei ofi thei centrali openingi oni thei ZPi makingi thei illuminatedi areai larger. Thisi methodi withi itsi
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figures/chap4pic7.png

Figure 4.9: Electroni microscopei imagei (left)i andi singlei shoti holographic imagesi (right)i ofi thei 200 nmi

silver nanowires overi ai 7 µmi hole.

advantagesi ofi highi spatiali andi temporali resolutioni makesi manyi imagingi opportunitiesi possible,

includingi thei imagingi ofi sub-nanosecondi scalei nanoscalei dynamici phenomena.

4.5 Howi toi furtheri improvei resolutioni ini futurei worki

Wei demonstratedi 62 nmi spatiali resolutioni withi Fourieri transformi holographyi obtainedi usingi

ai singlei shoti 5 psi highlyi coherenti SXRi laseri operatedi ati ai wavelengthi ofi 18.9 nm. Wei alsoi havei

ai imagingi fieldi ofi viewi ofi 38.5 µim2
i thati isi dramaticallyi largeri thani otheri methodsi usedi ini thisi
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figures/withdis1.png

Figure 4.10: a)i Ai 10%i toi 90%i characteristici knifei edgei cuti ofi thei imagei showingi ai spatiali resolutioni ofi 62
nm. Withi thei reconstructedi datei asi redi circlesi andi thei polynomiali fiti asi ai bluei line. b)i Thei reconstructedi

imagei showingi thei cuti areai ini red.

fieldi ini thei past. Thei resultsi presentedi herei improvei thei temporali resolutioni toi thei picosecond

range. Withi thei progressi ini shorteri wavelengthi SXRi plasma lasersi onei willi bei ablei toi continuei

toi furtheri improvei thei resolutionsi bothi ini timei andi spacei ini thei laboratory.
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Furtheri worki withi FTHi usingi ai ZPi ini thisi configurationi hasi significanti challengesi wheni

lookingi fori higheri resolutions. Onei possiblei methodi toi achievei thisi isi toi employi ai ZPi withi ai

smalleri outeri zonei width. Byi keepingi alli otheri aspectsi ofi thei experimenti thei samei andi makingi

thei outeri zonei widthi 50 nmi thei resolutioni couldi reachi 15 nm. Thisi wouldi makei thei focali distancei

veryi shorti whichi wouldi makei thei distancei betweeni thei ZPi andi thei samplei veryi small.

f =
D ∆r

λ norder
(4.4)

withi D i beingi thei ZPi diameteri andi ∆ir i thei outeri zonei width. Fori thei abovei examplei withi ai

ZPi withi 200 nmi outeri zonei widthi usedi ini thei 3rd i orderi thei focali lengthi isi f i =i 1.7 mm, whilei fori

ai ZPi withi 50 nmi outeri zonei widthi f i =i 0.44 mm. Thisi mayi seemi triviali buti sincei thei ZPi arei freei

standingi asi thei ZPi becomei largei theyi cani sagi ori bendi outi ofi thei planei ofi thei edgesi ofi thei zonei

plate. Thisi isi depictedi ini Figure 4.11. Thisi saggingi hasi ai significanti detrimentali effecti becausei

asi thei focusi becomesi shorti thei Rayleighi lengthi willi alsoi bei shorti andi thisi thei sagi cani distorti thei

focus. Thei distortionsi toi thei focusi makesi thei focusi waisti largeri preventingi thei entirei focusedi

beami fromi passingi throughi thei referencei hole. Asi thei focali lengthi becomesi shorteri thisi effecti

cani havei ai largeri andi largeri effect. Thisi hasi beeni seeni ini ouri experimentsi asi shorteri ZPi focusesi

werei used. Onei wayi toi correcti thisi issuei isi toi havei ai ZPi thati isi noti freei standing. Thisi isi ai hardi

tradei offi sincei thei siliconi nitridei wouldi cuti thei photonsi byi 57%. Thisi wouldi requirei thei ZPi toi

runi ini thei 1st i orderi negatingi thei gaini byi usingi thei 3rd i order. Otheri solutioni toi thisi issuei wouldi

bei toi makei usei ofi ai ZPi thati hasi ai smalleri outeri diameteri toi reducei thei sagging. However, thisi

wouldi reducei thei numberi ofi photonsi andi thei focali length.

Thisi smearingi andi wideningi ofi thei focusi happensi wheni thei ZPi isi madei fori onei wavelengthi

andi orderi buti usedi fori ai differenti wavelengthi andi order. Thisi comesi fromi thei wayi thati ZPi arei

madei andi wherei thei differenti zonesi arei placedi toi correcti fori thei aberrations. Wei foundi thati ai ZPi

madei fori 46.9 nmi andi toi bei usedi ini 1st i orderi alsoi worksi fori 18.9 nmi rani ini 3rd i order.

Anotheri possibilityi fori obtainingi betteri resolutioni comesi fromi usingi ai shorteri wavelength.

Withi usingi shorteri wavelengthsi thei focali lengthi andi thei Rayleighi becomei longer. Byi doingi

83



figures/chap4pic10.png

Figure 4.11: Illustrationi ofi zonei platei sagi andi effectsi oni focus.

thisi thei sagi wouldi againi noti bei ani issuei andi ai higheri resolutioni couldi bei reached. Thei usei ofi

ai 50 nmi outeri zonei ZPi withi ai 0.5mmi outeri diameteri thati isi designedi fori 3rdi orderi operationi

ati 6.85 nmi wouldi givei ai focali lengthi andi Rayleighi lengthi comparablei toi thei ZPi usedi ini thisi

experiment. Thisi shouldi resulti ini ai resolutioni ofi 15 nmi toi 20 nmi andi ai temporali resolutioni ofi 0.7

ps. Thei challengei isi withi thei developmenti ofi ai Gdi 6.85 nmi laseri withi fulli spatiali coherence. Asi

discussedi ini Chapteri 3, ai saturatedi Ni-likei Gdi laseri operatingi ati thisi wavelengthi wasi successfullyi

demonstrated. However, sincei bothi ai seedi andi boosteri amplifiersi arei needed, iti wouldi requirei

morei pumpi energy.

84



Bibliography

[1] B. Kaulich, P. Thibault, A. Gianoncelli, and M. Kiskinova, “Transmission and emission

x-ray microscopy: Operation modes, contrast mechanisms and applications,” Journal of

Physics: Condensed Matter, vol. 23, no. 8, p. 083 002, Feb. 2011. DOI: 10 . 1088 / 0953 -

8984/23/8/083002.

[2] A. Sakdinawat and D. Attwood, “Nanoscale x-ray imaging,” Nature Photonics, vol. 4, 840

EP -, Nov. 2010, Review Article. [Online]. Available: https: / /doi .org/10.1038/nphoton.

2010.267.

[3] D. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation: Principles and Applications,

1st. New York, NY, USA: Cambridge University Press, 2007.

[4] M. P. Benk, K. A. Goldberg, A. Wojdyla, C. N. Anderson, F. Salmassi, P. P. Naulleau, and

M. Kocsis, “Demonstration of 22-nm half pitch resolution on the sharp euv microscope,”

Journal of Vacuum Science & Technology B, vol. 33, no. 6, 06FE01, 2015. DOI: 10.1116/1.

4929509. eprint: https://doi.org/10.1116/1.4929509. [Online]. Available: https://doi.org/10.

1116/1.4929509.

[5] W. Chao, B. D. Harteneck, J. A. Liddle, E. H. Anderson, and D. T. Attwood, “Soft x-ray

microscopy at a spatial resolution better than 15 nm,” Nature, vol. 435, no. 7046, pp. 1210–

1213, 2005, ISSN: 1476-4687. DOI: 10.1038/nature03719. [Online]. Available: https://doi.

org/10.1038/nature03719.

[6] W. Chao, J. Kim, S. Rekawa, P. Fischer, and E. H. Anderson, “Demonstration of 12 nm

resolution fresnel zone plate lens based soft x-ray microscopy,” Opt. Express, vol. 17, no. 20,

pp. 17 669–17 677, Sep. 2009. DOI: 10 . 1364 / OE . 17 . 017669. [Online]. Available: http :

//www.opticsexpress.org/abstract.cfm?URI=oe-17-20-17669.

[7] J. Miao, T. Ishikawa, I. K. Robinson, and M. M. Murnane, “Beyond crystallography: Diffrac-

tive imaging using coherent x-ray light sources,” Science, vol. 348, no. 6234, pp. 530–535,

85



2015, ISSN: 0036-8075. DOI: 10.1126/science.aaa1394. eprint: https://science.sciencemag.

org/content/348/6234/530.full.pdf. [Online]. Available: https://science.sciencemag.org/

content/348/6234/530.

[8] J. Miao, D. Sayre, and H. N. Chapman, “Phase retrieval from the magnitude of the fourier

transforms of nonperiodic objects,” J. Opt. Soc. Am. A, vol. 15, no. 6, pp. 1662–1669, Jun.

1998. DOI: 10.1364/JOSAA.15.001662. [Online]. Available: http://josaa.osa.org/abstract.

cfm?URI=josaa-15-6-1662.

[9] E. B. Malm, N. C. Monserud, P. W. Wachulak, H. Xu, G. Balakrishnan, W. Chao, E. Ander-

son, and M. C. Marconi, “Time resolved extreme ultraviolet fourier transform holography,”

in 2013 IEEE Photonics Conference, Sep. 2013, pp. 604–605. DOI: 10.1109/IPCon.2013.

6656439.

[10] D. A. Shapiro, Y.-S. Yu, T. Tyliszczak, J. Cabana, R. Celestre, W. Chao, K. Kaznatcheev,

A. L. D. Kilcoyne, F. Maia, S. Marchesini, Y. S. Meng, T. Warwick, L. L. Yang, and H. A.

Padmore, “Chemical composition mapping with nanometre resolution by soft x-ray mi-

croscopy,” Nature Photonics, vol. 8, 765 EP -, Sep. 2014. [Online]. Available: https://doi.

org/10.1038/nphoton.2014.207.

[11] R. Xu, H. Jiang, C. Song, J. A. Rodriguez, Z. Huang, C.-C. Chen, D. Nam, J. Park, M.

Gallagher-Jones, S. Kim, S. Kim, A. Suzuki, Y. Takayama, T. Oroguchi, Y. Takahashi, J.

Fan, Y. Zou, T. Hatsui, Y. Inubushi, T. Kameshima, K. Yonekura, K. Tono, T. Togashi, T.

Sato, M. Yamamoto, M. Nakasako, M. Yabashi, T. Ishikawa, and J. Miao, “Single-shot

three-dimensional structure determination of nanocrystals with femtosecond x-ray free-

electron laser pulses,” Nature Communications, vol. 5, 4061 EP -, Jun. 2014, Article. [On-

line]. Available: https://doi.org/10.1038/ncomms5061.

[12] M. Holler, M. Guizar-Sicairos, E. H. R. Tsai, R. Dinapoli, E. Müller, O. Bunk, J. Raabe,

and G. Aeppli, “High-resolution non-destructive three-dimensional imaging of integrated

86



circuits,” Nature, vol. 543, 402 EP -, Mar. 2017. [Online]. Available: https:/ /doi.org/10.

1038/nature21698.

[13] H. Jiang, C. Song, C.-C. Chen, R. Xu, K. S. Raines, B. P. Fahimian, C.-H. Lu, T.-K. Lee,

A. Nakashima, J. Urano, T. Ishikawa, F. Tamanoi, and J. Miao, “Quantitative 3d imaging of

whole, unstained cells by using x-ray diffraction microscopy,” Proceedings of the National

Academy of Sciences, vol. 107, no. 25, pp. 11 234–11 239, 2010, ISSN: 0027-8424. DOI:

10.1073/pnas.1000156107. eprint: https://www.pnas.org/content/107/25/11234.full.pdf.

[Online]. Available: https://www.pnas.org/content/107/25/11234.

[14] G. K. Tadesse, R. Klas, S. Demmler, S. Hädrich, I. Wahyutama, M. Steinert, C. Spielmann,

M. Zürch, T. Pertsch, A. Tünnermann, J. Limpert, and J. Rothhardt, “High speed and high

resolution table-top nanoscale imaging,” Opt. Lett., vol. 41, no. 22, pp. 5170–5173, Nov.

2016. DOI: 10.1364/OL.41.005170. [Online]. Available: http://ol.osa.org/abstract.cfm?

URI=ol-41-22-5170.

[15] D. F. Gardner, M. Tanksalvala, E. R. Shanblatt, X. Zhang, B. R. Galloway, C. L. Porter, R.

Karl Jr, C. Bevis, D. E. Adams, H. C. Kapteyn, M. M. Murnane, and G. F. Mancini, “Sub-

wavelength coherent imaging of periodic samples using a 13.5 nm tabletop high-harmonic

light source,” Nature Photonics, vol. 11, 259 EP -, Mar. 2017, Article. [Online]. Available:

https://doi.org/10.1038/nphoton.2017.33.

[16] M. E. Siemens, Q. Li, R. Yang, K. A. Nelson, E. H. Anderson, M. M. Murnane, and H. C.

Kapteyn, “Quasi-ballistic thermal transport from nanoscale interfaces observed using ultra-

fast coherent soft x-ray beams,” Nature Materials, vol. 9, 26 EP -, Nov. 2009. [Online].

Available: https://doi.org/10.1038/nmat2568.

[17] C. von Korff Schmising, B. Pfau, M. Schneider, C. M. Günther, M. Giovannella, J. Perron,

B. Vodungbo, L. Müller, F. Capotondi, E. Pedersoli, N. Mahne, J. Lüning, and S. Eisebitt,

“Imaging ultrafast demagnetization dynamics after a spatially localized optical excitation,”

87



Phys. Rev. Lett., vol. 112, p. 217 203, 21 May 2014. DOI: 10.1103/PhysRevLett.112.217203.

[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.112.217203.

[18] I. McNulty, J. Kirz, C. Jacobsen, E. H. Anderson, M. R. Howells, and D. P. Kern, “High-

resolution imaging by fourier transform x-ray holography,” Science, vol. 256, no. 5059,

pp. 1009–1012, 1992, ISSN: 0036-8075. DOI: 10 . 1126 / science . 256 . 5059 . 1009. eprint:

https : / / science . sciencemag . org / content / 256 / 5059 / 1009 . full . pdf. [Online]. Available:

https://science.sciencemag.org/content/256/5059/1009.

[19] W. F. Schlotter, J. Lüning, R. Rick, K. Chen, A. Scherz, S. Eisebitt, C. M. Günther, W.

Eberhardt, O. Hellwig, and J. Stöhr, “Extended field of view soft x-ray fourier transform

holography: Toward imaging ultrafast evolution in a single shot,” Opt. Lett., vol. 32, no. 21,

pp. 3110–3112, Nov. 2007. DOI: 10.1364/OL.32.003110. [Online]. Available: http://ol.osa.

org/abstract.cfm?URI=ol-32-21-3110.

[20] S. Eisebitt, J. Lüning, W. F. Schlotter, M. Lörgen, O. Hellwig, W. Eberhardt, and J. Stöhr,

“Lensless imaging of magnetic nanostructures by x-ray spectro-holography,” Nature, vol. .

. 432, no. 7019, pp. 885–888, 2004, ISSN: 1476-4687. DOI: 10.1038/nature03139. [Online].

Available: https://doi.org/10.1038/nature03139.

[21] S. Marchesini, S. Boutet, A. E. Sakdinawat, M. J. Bogan, S. Bajt, A. Barty, H. N. Chapman,

M. Frank, S. P. Hau-Riege, A. Szöke, C. Cui, D. A. Shapiro, M. R. Howells, J. C. H. Spence,

J. W. Shaevitz, J. Y. Lee, J. Hajdu, and M. M. Seibert, “Massively parallel x-ray holography,”

Nature Photonics, vol. 2, 560 EP -, Aug. 2008. [Online]. Available: https://doi.org/10.1038/

nphoton.2008.154.

[22] S. Schaffert, B. Pfau, J. Geilhufe, C. M. Gfffdfffdnther, M. Schneider, C. von Korff Schmis-

ing, and S. Eisebitt, “High-resolution magnetic-domain imaging by fourier transform holog-

raphy at 21 nm wavelength,” New Journal of Physics, vol. 15, no. 9, p. 093 042, Sep. 2013.

DOI: 10.1088/1367-2630/15/9/093042.

88



[23] R. L. Sandberg, D. A. Raymondson, C. La-o-vorakiat, A. Paul, K. S. Raines, J. Miao, M. M.

Murnane, H. C. Kapteyn, and W. F. Schlotter, “Tabletop soft-x-ray fourier transform holog-

raphy with 50 nm resolution,” Opt. Lett., vol. 34, no. 11, pp. 1618–1620, Jun. 2009. DOI:

10.1364/OL.34.001618. [Online]. Available: http://ol.osa.org/abstract.cfm?URI=ol-34-11-

1618.

[24] G. K. Tadesse, W. Eschen, R. Klas, V. Hilbert, D. Schelle, A. Nathanael, M. Zilk, M. Stein-

ert, F. Schrempel, T. Pertsch, A. Tünnermann, J. Limpert, and J. Rothhardt, “High resolution

xuv fourier transform holography on a table top,” Scientific Reports, vol. 8, no. 1, p. 8677,

2018, ISSN: 2045-2322. DOI: 10.1038/s41598- 018- 27030- y. [Online]. Available: https:

//doi.org/10.1038/s41598-018-27030-y.

[25] H. T. Kim, I. J. Kim, C. Kim, T. M. Jeong, T. J. Yu, S. K. Lee, J. Sung, J. W. Yoon, H. Yun,

S. C. Jeon, I. W. Choi, and J. Lee, “Single-shot nanometer-scale holographic imaging with

laser-driven x-ray laser,” Applied Physics Letters, vol. 98, pp. 121 105–121 105, Mar. 2011.

DOI: 10.1063/1.3560466.

[26] M. Sacchi, H. Popescu, N. Jaouen, M. Tortarolo, F. Fortuna, R. Delaunay, and C. Spezzani,

“Magnetic imaging by fourier transform holography using linearly polarized x-rays,” Optics

express, vol. 20, pp. 9769–76, Apr. 2012. DOI: 10.1364/OE.20.009769.

[27] S. Hädrich, J. Rothhardt, M. Krebs, S. Demmler, A. Klenke, A. Tünnermann, and J. Limpert,

“Single-pass high harmonic generation at high repetition rate and photon flux,” Journal of

Physics B: Atomic, Molecular and Optical Physics, vol. 49, no. 17, p. 172 002, Aug. 2016.

DOI: 10.1088/0953-4075/49/17/172002.

[28] J. Rothhardt, S. Hädrich, A. Klenke, S. Demmler, A. Hoffmann, T. Gotschall, T. Eidam, M.

Krebs, J. Limpert, and A. Tünnermann, “53 w average power few-cycle fiber laser system

generating soft x rays up to the water window,” Opt. Lett., vol. 39, no. 17, pp. 5224–5227,

Sep. 2014. DOI: 10.1364/OL.39.005224. [Online]. Available: http://ol.osa.org/abstract.cfm?

URI=ol-39-17-5224.

89



[29] R. Klas, S. Demmler, M. Tschernajew, S. Hädrich, Y. Shamir, A. Tünnermann, J. Rothhardt,

and J. Limpert, “Table-top milliwatt-class extreme ultraviolet high harmonic light source,”

Optica, vol. 3, no. 11, pp. 1167–1170, Nov. 2016. DOI: 10.1364/OPTICA.3.001167. [On-

line]. Available: http://www.osapublishing.org/optica/abstract.cfm?URI=optica-3-11-1167.

[30] G. Vaschenko, C. Brewer, F. Brizuela, Y. Wang, M. A. Larotonda, B. M. Luther, M. C. Mar-

coni, J. J. Rocca, C. S. Menoni, E. H. Anderson, W. Chao, B. D. Harteneck, J. A. Liddle,

Y. Liu, and D. T. Attwood, “Sub-38 nm resolution tabletop microscopy with 13 nm wave-

length laser light,” Opt. Lett., vol. 31, no. 9, pp. 1214–1216, May 2006. DOI: 10.1364/OL.

31.001214. [Online]. Available: http://ol.osa.org/abstract.cfm?URI=ol-31-9-1214.

[31] P. W. Wachulak, M. C. Marconi, R. A. Bartels, C. S. Menoni, and J. J. Rocca, “Soft x-ray

laser holography with wavelength resolution,” J. Opt. Soc. Am. B, vol. 25, no. 11, pp. 1811–

1814, Nov. 2008. DOI: 10.1364/JOSAB.25.001811. [Online]. Available: http://josab.osa.

org/abstract.cfm?URI=josab-25-11-1811.

[32] R. A. London, M. Strauss, and M. D. Rosen, “Modal analysis of x-ray laser coherence,”

Phys. Rev. Lett., vol. 65, pp. 563–566, 5 Jul. 1990. DOI: 10 .1103 /PhysRevLett . 65 .563.

[Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.65.563.

[33] C. Lewis, D. Neely, D. O’Neill, J. Uhomoibhi, M. Key, Y. Al Hadithi, G. Tallents, and

S. Ramsden, “An injector/amplifier double target configuration for the ne-like ge x-ray

laser scheme,” Optics Communications, vol. 91, pp. 71–76, Jul. 1992. DOI: 10.1016/0030-

4018(92)90103-X.

[34] R. E. Burge, G. E. Slark, M. T. Browne, X.-C. Yuan, P. Charalambous, X.-H. Cheng, C. L. S.

Lewis, A. MacPhee, and D. Neely, “Spatial coherence of x-ray laser emission from neonlike

germanium after prepulse,” J. Opt. Soc. Am. B, vol. 14, no. 10, pp. 2742–2751, Oct. 1997.

DOI: 10.1364/JOSAB.14.002742. [Online]. Available: http://josab.osa.org/abstract.cfm?

URI=josab-14-10-2742.

90



[35] H. Daido, S. Sebban, N. Sakaya, Y. Tohyama, T. Norimatsu, K. Mima, Y. Kato, S. Wang,

Y. Gu, G. Huang, H. Tang, K. Murai, R. Butzbach, I. Uschmann, M. Vollbrecht, and E.

Förster, “Experimental characterization of short-wavelength ni-like soft-x-ray lasing toward

the water window,” J. Opt. Soc. Am. B, vol. 16, no. 12, pp. 2295–2299, Dec. 1999. DOI:

10.1364/JOSAB.16.002295. [Online]. Available: http://josab.osa.org/abstract.cfm?URI=

josab-16-12-2295.

[36] G. Cairns, C. L. S. Lewis, A. G. MacPhee, D. Neely, M. Holden, J. Krishnan, G. J. Tallents,

M. H. Key, P. N. Norreys, C. G. Smith, J. Zhang, P. B. Holden, G. J. Pert, J. Plowes, and

S. A. Ramsden, “Preliminary studies of radiation coupling between remote soft x-ray laser

amplifiers,” Applied Physics B, vol. 58, no. 1, pp. 51–56, Jan. 1994, ISSN: 1432-0649. DOI:

10.1007/BF01081713. [Online]. Available: https://doi.org/10.1007/BF01081713.

[37] R. Kodama, D. Neely, Y. Kato, H. Daido, K. Murai, G. Yuan, A. MacPhee, and C. L. S.

Lewis, “Generation of small-divergence soft x-ray laser by plasma waveguiding with a

curved target,” Phys. Rev. Lett., vol. 73, pp. 3215–3218, 24 Dec. 1994. DOI: 10 . 1103 /

PhysRevLett.73.3215. [Online]. Available: https://link.aps.org/doi/10.1103/PhysRevLett.

73.3215.

[38] M. Nishikino, M. Tanaka, K. Nagashima, M. Kishimoto, M. Kado, T. Kawachi, K. Sukegawa,

Y. Ochi, N. Hasegawa, and Y. Kato, “Demonstration of a soft-x-ray laser at 13.9 nm with full

spatial coherence,” Phys. Rev. A, vol. 68, Dec. 2003. DOI: 10.1103/PhysRevA.68.061802.

[39] M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of Propagation, Inter-

ference and Diffraction of Light (7th Edition), 7th. Cambridge University Press, 1999, ISBN:

0521642221.

[40] J. Meszaros, “Large area zone plate exposure by fixed beam moving stage lithography,”

2011.

[41] D. Attwood, Soft X-Rays and Extreme Ultraviolet Radiation. Aug. 1999.

91



Chapter 5

Summary

Thei worki ini thisi dissertationi hasi resultedi ini thei demonstrationi ofi ai Petwatt-classi (0.85i PW)i

ultrashorti pulsei laseri capablei toi firei ati repetitioni ratesi upi toi 3.3i Hz,i thei highesti repetitioni ratei

ati whichi suchi lasersi havei operatedi toi date.i Thei highi repetitioni ratei isi madei possiblei byi pumpngi

withi highi energyi Nd:glass slabi amplifiers.i Thisi Ti:Sapphirei laseri cani bei operatedi ini secondi har-

monici modei toi producei pulsesi ofi ultra-highi contrast.i Thisi makesi iti ai valuablei tooli toi studyi thei

interactioni ofi highi intensityi laseri pulsesi withi solidi targetsi ati relativisitici intensity.i Significanti

progressi wasi alsoi obtainedi ini thei developmenti ofi highi pulsei energyi compacti SXRi lasersi ati sub-

7i nmi wavelengthsi asi welli asi ani increasei ini thei diversityi ofi SXRi laseri wavelengthsi available.i

Thei resultsi werei obtainedi byi irradiatingi slabi targetsi ofi lanthanidei elementsi ati grazingi incidence.i

Measurementsi showedi thati thei trendi ofi optimumi grazingi incidenti anglei vsi atomici numberi isi

linear.i Gain-saturatedi table-topi SXRi lasersi werei extendedi downi toi 6.85i nmi byi transienti excita-

tioni ofi nickel-likei ionsi ini ai gadolinium plasmai usingi thei combinatoni ofi ai pre-pulsei andi ai sub-psi

pumpi laseri pulse.i Operationi ati 6.85i nmi resultedi ini ai maximumi energyi peri pulsei ofi 1.8i µJ.i Us-

ingi thisi sub-picosecond opticali laseri pumpi alsoi resultedi ini amplificationi ati wavelengthsi asi shorti

asi 5.85i nm.i Thisi shorti wavelength,i microjoulei pulsei energy,i picosecond pulsei durationi andi thei

repetitivei operationi ofi thesei lasersi willi enablei newi applicationsi suchi asi sequentiali imagingi ofi

ultrafast nano-scalei dynamici phenomenai toi bei realizedi ini ai compacti seti up.i Ai demonstrationi ofi

singlei shoti holographic imagingi overi ai largei fieldi ofi viewi wasi realized.i Usingi ai zonei patei 200i

nmi silver nano-wires werei imagedi withi temporali resolutioni ofi 5i psi andi ai spatiali resolutioni ofi

62i nm.i Thei usei ofi ani optimizedi zonei platei wouldi yieldi single-shoti holograms withi ai resolutioni

betteri thani 20i nm.
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Appendix A

RELATED WORK

Previousi chaptersi discussi thei developmenti ofi ai Ti:Sapphire laseri systemi asi welli asi gain-

saturatedi table-topi repetitivei SXRi lasersi withi wavelengthsi neari 7-5i nmi withi lasingi downi toi 5.85i

nmi andi thei creationi ofi holographic imagesi withi 62nmi resolutioni andi temporali resolutioni ofi 5i

ps.i Thei worki donei ini thisi thesisi contributedi toi thei developmenti andi characterizationi x-rayi pulsei

generation,i micro-scalei fusioni andi electroni acceleration.i Alli thesei resultsi andi morei arei discussedi

ini thei followingi publicationsi andi talks:

Efficient picosecond X-ray pulses from plasma in the radiation dominated regime
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Energy penetration into arrays of aligned nanowires irradiated with relativistic intensi-

ties: scaling to terabar pressures
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