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Abstract

Ultra-intense(>1018W/cm2)laserinteractionwithmatteriscapableof

producingrelativisticelectronswhichhaveavarietyofapplicationsinscientific

andmedicalresearch. Knowledgeofvariousaspectsofthesehotelectronsis

importantinharnessingthemforvariousapplications. Ofparticularinterest

forthisthesisistheinvestigationofhotelectronsgeneratedintheareasof

Laser WakefieldAcceleration(LWFA)andFastIgnition(FI).

LWFAisaphysicalprocessinwhichelectronsareacceleratedbythestrong

longitudinalelectrostaticfieldsthatareformedinsidetheplasmacavitiesor

wakesproducedbythepropagationofanultra-intenselaserpulsethroughan

under-denseplasma.TheacceleratingE-fieldsinsidethecavitiesare1000times

higherthanthoseofconventionalparticleacceleratorsandcanaccelerateelec-

tronstotherelativisticregimeinaveryshortdistance,ontheorderofafew

millimeters.Inaddition,BetatronX-rayradiationcanbeproducedfromLWFA

asaresultofthetransverseoscillationsoftherelativisticelectronsinsidethe

laserwakefielddrivencavity.ThepulsedurationofBetatronradiationcanbe

asshortasafewfemtoseconds,makingitanidealprobeformeasuringphys-

icalphenomenatakingplaceonthetimescaleoffemtoseconds.Experimental

researchontheelectronaccelerationoftheLWFAhasbeenconductedinthis
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thesisandhasledtothegenerationofmono-energeticelectronbuncheswith

peakenergiesrangingfromafewhundredsofMeVto1GeV.Inaddition,the

BetatronradiationemittedfromLWFAwassuccessfullycharacterizedbased

onatechniqueofreflectionoffagrazingincidencemirror. Furthermore,we

havedevelopedaBetatronX-rayprobebeamlinebasedonthetechniqueof

K-shellabsorptionspectroscopytodirectlymeasurethetemporalevolutionof

theionizationstatesofwarmdensealuminum. Withthis,wehaveachieved

forthefirsttimedirectmeasurementsoftheionizationstatesofwarmdense

aluminumusingBetatronX-rayradiationprobing.

FastIgnition(FI)isanadvancedschemeforinertialconfinementfusion

(ICF),inwhichthefuelignitionprocessisdecoupledfromitscompression.

Comparingwiththeconventionalcentralhot-spotschemeforICF,FIhasthe

advantagesoflowerignitionthresholdandhighergain.ThesuccessofFIrelies

onefficientenergycouplingfromtheheatinglaserpulsetothehotelectronsand

subsequenttransportoftheirenergytothecompressedfuel. Asasecondary

partofthisthesis,thetransportofhotelectronsinoverdenseplasmarelevant

toFIwasstudied.Inparticular,theeffectofresistivelayerswithinthetarget

onthehotelectrondivergenceandabsorptionwasinvestigated.Experimental

measurementswerecarriedoutandcomparedtosimulationsindicatingmini-

maleffectonthebeamdivergencebutsomeattenuationthroughhigheratomic

numberintermediatelayerswasobserved.
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Fedosejevs,”Giga-electronvoltelectronsduetoatransitionfromlaserwake-

fieldaccelerationtoplasmawakefieldacceleration”,Phys.Plasmas21,123113

(2014).Iamtheequivalentfirstauthorinthisarticle.Iwasresponsiblefor

carryingouttheexperiment,analyzingandinterpretingtheexperimentaldata,

helpingtointerpretthesimulationresultsandpreparingtheexperimentalpart

oftheinitialmanuscript.The3DPICsimulationsandtheanalysisofthesim-

ulationresultswerecarriedoutbyDr. Masson-Labordewhoalsopreparedthe

majorpartoftheinitialmanuscript.A.Aliassistedwiththeexperimentand

partofthedataanalysis. Dr. FourmauxandP.Lassondeassistedwiththe

experiment. Prof. Rozmushelpedtointerpretthesimulationresults. Prof.

Fedosejevsdesignedtheexperiment,helpedtointerprettheexperimentaland

simulationresultsandcoordinatedthecollaborationthatwasinvolvedinthis

work.Allauthorscontributedtothediscussionandwritingofthemanuscript.

iv



Chapters6and7havebeenpublishedas: M.Z.Mo,A.Ali,S.Fourmaux,

P.Lassonde,J.C.Kieffer,andR.Fedosejevs,”Quasimonoenergeticelectron

beamsfromlaserwakefieldaccelerationinpurenitrogen”,Appl.Phys.Lett.

100,074101(2012)and”Generationof500 MeV-1GeVenergyelectrons

fromlaserwakefieldaccelerationviaionizationinducedinjectionusingCO2

mixedinHe”,Appl. Phys. Lett. 102,134102(2013)respectively.Iwas

responsibleforcarryingouttheexperiments,analyzingandinterpretingthe

experimentaldata,anddraftingtheinitialmanuscripts.A.Ali,Dr.Fourmaux

andP.Lassondeassistedwiththeexperiments. Prof. Fedosejevsdesigned

theexperiments,helpedtointerpretthedataandeditedthemanuscripts.All

authorscontributedtothediscussionandwritingofthemanuscripts.

Chapter8hasbeenpublishedas: M.Z.Mo,A.Ali,S.Fourmaux,P.Las-

sonde,J.C.Kieffer,andR.Fedosejevs,”Characterizationoflaserwakefield

generatedbetatronX-rayradiationusinggrazingincidencemirrorreflection”,

Eur.Phys.J.D68,301(2014).Iwasresponsibleforcarryingouttheexper-

iment,analyzingandinterpretingtheexperimentaldata,conductingthesim-

ulationtocomparetheexperimentaldataanddraftingtheinitialmanuscript.

A.Ali,Dr. FourmauxandP.Lassondeassistedwiththeexperiment. Prof.

Fedosejevsdesignedtheexperiment,helpedtointerpretthedata,advisedon

thesimulationandeditedthemanuscript.Allauthorscontributedtothedis-

cussionandwritingofthemanuscript.

Chapter9hasbeenpublishedas: M.Z. Mo,Z.Chen,S.Fourmaux,A.

Saraf,K.Otani,J.C.Kieffer,Y.Y.Tsui,A.NgandR.Fedosejevs,”Laser

wakefieldgeneratedX-rayprobeforfemtosecondtime-resolvedmeasurements

ofionizationstatesofwarmdensealuminum”,Rev.Sci.Instrum.84,123106

(2013).Iwasresponsiblefordesigningtheexperimentalsetup,leadingthe

experiment,analyzingandinterpretingtheexperimentaldata,conductingthe

simulationanddraftingtheinitialmanuscript. Dr. Chenassistedwiththe

experimentandpartofthedataanalysis,Dr.Fourmaux,A.Saraf,Dr.Otani

v



assistedwiththeexperiment,Prof.Tsuihelpedtointerpretthedata,Prof.Ng

suggestedtheproblemthatledtothisexperiment,Prof.Fedosejevsinvolved

indesigningtheexperimentalsetup,interpretingthedataandeditingtheini-

tialmanuscript. Allauthorscontributedtothediscussionandwritingofthe

manuscript.

Chapter10andChapter11werewrittenbymyselfandrevisedbyProf.

Fedosejevs.FortheresearchworkpresentedinChapter10,Iwasresponsiblefor

leadingtheexperiment,analyzingtheexperimentaldata,andconductingthe

theoreticalcalculationsandsimulationstointerprettheexperimentaldata.The

experimentdescribedinChapter11wasledbyProf.Fedosejevsandinvolved

manycollaboratorsfromoutsidetheuniversity.Iwasresponsibleforsetting

upsomeoftheX-raydiagnostics,conductingtheexperiment,analyzingand

interpretingtheX-rayresultsdescribedinChapter11. ThePICsimulations

showninChapter11wereconductedbyProf.HonrubiafromSpain.

vi



Acknowledgements

Firstandforemost,Iwouldliketoexpressthedeepestappreciationtomy

academicsupervisor,ProfessorRobertFedosejevs,whohasbeenatremen-

dousmentorforme.Iwouldliketothankhimforintroducingmetothe

fascinatingsubjectofultra-intenselaserplasmainteraction,whichhaskept

myPh.Dlifeextremelybusyandwillcontinuetodosofortherestofmy

life.Hisprofessionalattitude,cultivateddiligence,doggedpersistenceandun-

endingdynamismdemonstratedwheneverattemptingtounravelthemysteries

behindthescientifichurdleshavealwaysimpressedmeandhavehelpedmy

professionaldevelopmentinthephysicsfield.Iwouldliketothankhimfor

unreservedlyimpartingmehisexpertise,whichhashelpedmetacklealotof

seeminglyimpossiblepuzzlesduringmyresearch.Iwouldliketothankhim

forprovidingmeopportunitiestotakepartinmanyexperimentalcampaigns

atthemostpowerfullaserfacility(ALLS)inCanadaaswellasatoneofthe

worlds’bestlaserfacilities(LLNL).

Thisworkcouldnothavebeencompletedwithouttheexpertsupportfrom

thetechniciansattheElectricalandComputerEngineeringDepartmentof

theUniversityofAlbertaandthelaserfacilitieswhereourexperimentswere

conducted.IwouldliketothankBlairHarwood,SteveDrake,HerbertDexel

andhisteamatthemachineshopattheUniversityofAlberta.Iwouldliketo

thankthetechnicalstaffattheALLSfacility.Specialappreciationisdueto

PhilippeLassonde,MarkO.Bussiere,JoelMaltaisandG.Lebrun.Iwouldlike

tothanktheJupiterLaserFacilitystafffortheirsupportofourexperiments,

inparticularJimBonlie,RichCombs,RobCostaandBobCauble.

IamgratefultoallthecolleaguesandcollaboratorsthatIhaveworked

vii



withthroughoutmyPh.Dcareer.Inparticular,Iwouldliketothankthestaff

scientist,SylvainFourmaux,attheALLSfacilityforprovidinguswithsucha

greatplatformforLWFAexperimentsaswellasforspendingmanylatenights

withusintheexperimentalarea.Iwouldliketothankthestaffscientist,Tony

Link,attheLLNLforguidingmethrougheachstepoftheprocessofrunninga

properLSPsimulationandforhispromptresponsetomyeverysingleinquiry

ontheLSPsimulations.IwouldliketothankProfessorWojciechRozmusfrom

theDepartmentofPhysicsattheUniversityofAlbertaandDr.Paul-Edouard

Masson-labordefromCEAinFranceforconductingthePICsimulationsfor

ourLWFAexperiments.IwouldliketothankShaunKerrandZhijiangChen,

thetwocolleaguesatUofA,fortheirgeneroussupporttomyexperimentsas

wellasforbeinggenuinefriendsinmyPh.Dlife. Manythanksgoesoutto

ProfessorYingTsui,Dr.HenryTiedje,AtifAli,Raj Masud,HalFriesenat

UofA,ProfessorAndrewNgfromUBC,MingshengWeifromGeneralAtomics,

GregoryElijahKemp,Doulgass WertepneyandShengjiangfromOSU,Chris

McGuffey,CharlieJarrott,SugreevChawla,AnnaSorokovikova,andProfessor

FarhatBegfromUCSDandArpitSaraf,KazutoOtaniandProfessorJean-

ClaudeKiefferfromINRS-EMT.

Lastbutnotleast,Iwouldliketothankmyfamily. Wordscannotexpress

howgratefulIamtomywife,YelanLao,fortakinggoodcareofourbabyboy

RuiruiandforencouragingmewheneverIwasfrustratedbymyPh.Dresearch.

Withoutherunrelentingsupport,encouragementandunderstanding,Iwould

nothaveadvancedsosmoothlyontheroadtorealizemydream. Aspecial

thanksisgiventomyparents,YijiaMoandXuewenHuang,forgivingbirth

tomeinthefirstplaceandsupportingmespirituallythroughoutmylife.

viii



Contents

1 Introduction 1

1.1 Laser WakefieldAcceleration.................... 4

1.2 InertialconfinementfusionandFastignition........... 7

1.3 OutlineoftheThesis........................ 12

2 PhysicsofLaser WakefieldAcceleration 14

2.1 Electronacceleration........................ 14

2.1.1 PonderomotiveForce.................... 16

2.1.2 Self-guiding......................... 19

2.1.3 WavebreakingandSelf-Injection.............. 20

2.1.4 IonizationInjection..................... 23

2.1.5 MaximumEnergyGain................... 25

2.1.6 BeamLoading........................ 28

2.2 BetatronRadiation......................... 30

2.2.1 EmissionSpectrum..................... 31

2.2.2 EmissionBrightness.................... 33

2.2.3 PulseDuration....................... 35

2.2.4 OtherProperties...................... 35

3 PhysicsofFastIgnition 37

3.1 IsobaricandIsochoricModels................... 38

3.2 IgnitionRequirements....................... 40

ix



3.3 Collisionlessabsorption....................... 41

3.3.1 ResonanceAbsorption................... 42

3.3.2 VacuumHeating...................... 42

3.3.3 J×Bheating........................ 44

3.4 Hotelectrongenerationandtemperaturescaling......... 45

3.5 Coldreturncurrent......................... 48

4 Methodologies 51

4.1 LWFAexperiments......................... 51

4.1.1 ALLS200TWLaserSystem................ 51

4.1.2 Laserfocalspot....................... 55

4.1.3 ElectronSpectrometer................... 56

4.1.4 Interferometry........................ 58

4.1.5 AbelInversion........................ 61

4.2 FIexperiments........................... 65

4.2.1 TitanLaserSystem..................... 65

4.2.2 LaserDiagnostics...................... 67

4.2.3 XRayDiagnostics..................... 72

5 GeVelectronsduetoatransitionfromlaserwakefieldaccel-

erationtoplasmawakefieldacceleration 78

5.1 Introduction............................. 79

5.2 ExperimentalSetup......................... 82

5.3 ExperimentalResults........................ 84

5.4 Simulationsresults......................... 89

5.4.1 LWFAregime........................ 90

5.4.2 TransitionfromLWFAregimetoPWFA......... 92

5.4.3 PWFAregime........................ 95

5.5 Discussion..............................103

5.6 Conclusion..............................106

x



6 Quasimonoenergeticelectronbeamsfromlaser wakefieldac-

celerationinpurenitrogen 108

6.1 Introduction.............................109

6.2 ExperimentalSetup.........................110

6.3 Experimentalresultsanddiscussions...............111

6.4 Conclusion..............................115

7 Generationof500 MeV-1GeVEnergyElectronsfromLaser

WakefieldAccelerationviaIonizationInducedInjectionusing

CO2mixedinHe 117

7.1 Introduction.............................118

7.2 Experimentalsetup.........................119

7.3 Experimentalresultsanddiscussions...............121

7.4 Conclusion..............................126

8 CharacterizationofLaser WakefieldGeneratedBetatronX-ray

RadiationusingGrazingIncidence MirrorReflection 127

8.1 Introduction.............................128

8.2 DescriptionofExperimentalSetup................132

8.3 EcMeasurementwiththeROGIMtechnique..........134

8.4 ResultsandDiscussions......................140

8.5 Conclusion..............................144

9 Laser WakefieldGeneratedX-rayProbeforFemtosecondTime-

resolved MeasurementsofIonizationStatesof Warm Dense

Aluminum 145

9.1 Introduction.............................146

9.2 ExperimentalDesign........................150

9.2.1 X-rayFocusingusingbendableKirkpatrick-BaezMicro-

scope.............................154

xi



9.2.2 X-raySpectrometrywithflatKAPBraggcrystal....157

9.2.3 MeasurementEfficiencyoftheIntegratedSetup.....164

9.3 Results................................165

9.3.1 X-rayFocusMeasurement.................165

9.3.2 X-rayCCDImageProcessing...............168

9.3.3 X-ray WavelengthTuning.................170

9.4 Conclusion..............................174

10 MeasurementsofIonizationStatesin WarmDenseAluminum

withFemtosecondBetatronRadiation 175

10.1PhysicsBackground.........................175

10.1.1 TheAverageIonModel..................177

10.1.2 TheOpacityCoefficients..................181

10.2IntegratedPump-ProbeSetup...................186

10.3ExperimentalResultsandDiscussions...............191

10.4SimulationsandDiscussions....................194

10.5Conclusion..............................206

11Resistiveeffectoftarget materialonhotelectrontransport

relevanttoFastIgnition 208

11.1Introduction.............................208

11.2ExperimentalSetup.........................210

11.3ExperimentalResultsandDiscussions...............212

11.4SimulationsandDiscussions....................215

11.5Conclusion..............................220

12ConclusionsandFuture Work 221

12.1Conclusions.............................221

12.2Futurework.............................226

xii



AppendixA Frinedit-AmatlabGUIAPPforprocessingoptical

interferogramsfortheLWFAexperiments 259

AppendixB MULTI-fssimulationcode 262

B.1 TheElectron-Phononmodel....................263

B.2 TheDrude-Sommerfeldmodel...................266

AppendixC Plasmaspectroscopic modelsforcomputingtheX-

raytransmissionofwarmdensealuminum 269

C.1 Non-uniformmodel.........................269

C.2 Uniformmodel...........................271

Appendix DSelf-reflectivity measurementoffemtosecondlaser

pulsesinteractingwithsolidaluminumtargetswithpeakin-

tensityupto1015W/cm2 274

xiii



ListofTables

2.1 AppearanceIntensitiesofselectedionsfortunnelionizationac-

cordingtoEqn.2.19......................... 24

5.1 EstimatesofFWHMradiusσxandσralonglongitudinaland

transversedirectionsfordifferenttimes,andleadingelectron

bunchdensityestimatesnb0/ne................... 97

10.1ScreeningconstantsσnmasgivenbyMayer(1947)........178

xiv



ListofFigures

1.1 Theschematicdiagramofchirpedpulseamplification....... 2

1.2 Comparisonofdirect-drive(a)andindirect-drive(b)compress-

ingthefuelinICF. ........................ 10

2.1 Schematicdiagramshowingtheprocessoflaserwakefieldaccel-

eration................................ 15

2.2 PlotofreportedpeakelectronenergiesobtainedinLWFAex-

perimentsversusthepredictedpeakenergiesachievedwithLu’s

scalinglawasgiveninEqn.2.23. Bluesolidcirclesrepresent

electronsthatwereproducedwithself-injectionschemewhereas

reddiamondswithionizationinjectionscheme.Thegreenline

indicatesreportedenergiesequaltopredictedenergies...... 27

2.3 TypicalspectrumofbetatronradiationaccordingtoEqn.2.29.. 33

3.1 ThefourphasesoftheFastIgnitionconcept............ 38

3.2 Densityandtemperatureprofilesofthecompressedfuelincon-

ventionalcentralhotspotICFandfastignitionschemes..... 39

3.3 PlotsofhotelectrontemperatureversusIλ2obtainedwithBeg’s

scalinglaw(blacksolidline)asgivenbyEqn.3.13,Wilks’scaling

law(greendashedline)asgivenbyEqn.3.14andHaines’scaling

law(bluedash-dottedline)asgivenbyEqn.3.15.Forcompari-

son,themeasuredhotelectrontemperaturesfromtheliterature

arealsoplottedinthegraph,asindicatedbytheredsoliddots. 47

xv



4.1 Schematicdiagramshowingthe200TWLaserSystematALLS.

Theinsetshownonthetopleftisthenear-fieldimageofthefinal

fullbeamprofileandtheimageonthetoprightisthetarget

chamberimageforLWFAexperiments.P.C.representsPockels

Cell.................................. 52

4.2 TypicallaserpulsecontrastoftheASEinpicosecondtimescale

forALLS’s200TWlaser...................... 54

4.3 (a)Lineoutsofthetypicallaserfocus(shownintheinset)em-

ployedinLWFAexperiments.(b)Equivalentenergyratioversus

theradiusforthelaserfocusshownin(a)............. 55

4.4 (a)Simulatedtrajectoriesofelectronswithenergiesfrom250

MeVto2000MeVin50MeVpersteppassingthroughtheelec-

tronspectrometeremployedinourLWFAexperiments.Colors

onthetrajectoriesrepresentdifferentareasthatelectronspass

throughbeforearrivingattheLanexscreen. Thetwoblack

boxesstandfortheareasofthemagneticfieldfromthetwo

magnetdipoles.Theenergyincreasingfromthetoptobottom

ontheLanexscreencorrespondingtothegeometricalsetupin

oursimulation.(b)Correspondingdispersioncurveoftheelec-

tronspectrometer.Thedistanceinmmrepresentthedeviation

oftheelectronsonthescreenintheenergydispersiondirection

fromthereferencepositionwhennomagnetsarepresent..... 57

4.5 Theschematicdiagramshowingthesupersonicconicalnozzle

usedforLWFAexperiments..................... 59

4.6 TheschematicdiagramshowingtheprincipleoftheNomarski

Interferometer. P1andP2standforpolarizers,Lmeanslens

and Wrepresents Wollastonprism................. 60

xvi



4.7 SchematicdiagramshowingtheAbeltransformation.Theplasma

iscircularlysymmetricwithrespecttothedirectionperpendic-

ulartothepaper........................... 62

4.8 SchematiclayoutofTitanLaserSystem.(Imagecourtesyof

CliffChen).............................. 66

4.9 TypicalprepulseprofilesofTitan2ωLaserwith(bluesolid

curve)andwithout(redsolidcurve)injectedprepulse.Theen-

ergyofinjectedprepulsewasmeasuredtobe2mJwhilethe

oneofintrinsicprepulsewaslessthan10µJ.Forcomparison,

thetypicalprepulseprofileforTitan1ωdigitizedfromRef.[78]

isplottedindashedgreen.Inthisparticular1ωprepulse,the

ASEwasmeasuredtobe13mJwhiletheleakageorreplicaof

themainpulsewas8mJ.Notethatthey-axisscaleisdifferent

forthedifferentcurvesplotted................... 69

4.10(a)TypicalimageofthebestfocusofTitan2ωlaserachievedin

theTitan2011SeptemberCampaign.Thisfocuswasachieved

withthelowpowerlaserlightthatonlyexperiencedtheam-

plificationbyOPCPA.(b)Energyfractionversusdiameterof

equivalentcircularspot.(c)Energyfractionversusinstantaneu-

ousintensityforthefocalspotshownin(a)thatwasnormalized

to50Jand1.1ps.Notethat50Jand1.1psweretheaverage

laserenergyattargetandaveragepulsedurationmeasuredin

theTitan2011SeptemberCampaign,respectively......... 70

4.11(a)AsampleimageoftheEPMfocusfortheTitan2ωlaser

achievedintheTitan2011SeptemberCampaign.(b)Energy

fractionversusdiameterofequivalentcircularspot.(c)Energy

fractionversusinstantaneuousintensity. Thelaserenergyand

pulsedurationweremeasuredtobe44.5Jand1.1psforthis

datashot............................... 70

xvii



4.12CuKαimager........................... 73

4.13HOPGSpectrometer........................ 74

4.14(a)TwosphericalmirrorsplacedinseriesinKBmicroscope,(b)

KB microscopeSetup. (ImagecourtesyofHalFriesen[H.J.

Friesen,MScthesis,UniversityofAlberta,2011])........ 76

5.1 Schematicdiagramoftheexperimentalsetupforthelaserwake-

fieldaccelerationexperiments. M1- M5:reflective mirrors;

OAP:off-axisparabola;L1-L3:lenses; W:beamsplitterglass

wedge................................. 82

5.2 (a)Energyresolvedimagesoftheelectronbunchesforpurehe-

liumatplasmadensities,(1)4.70×1018cm−3,(2)1.05×1019

cm−3,(3)1.16×1019cm−3;Alltheimagesareplottedinthe

samecolorrangewherethebrightnessrepresentsthefluxofthe

electronsinarbitraryunits.(b)Correspondingnormalizedelec-

tronnumberdensityperelectronenergy;Notethattheyaxis

isplottedinalogarithmicscale;Representativeuncertaintyof

measuredelectronenergyat1GeVisindicatedbythemagenta

circulardotandattachedbarsatthetopoftheplot....... 85

5.3 Energyofthehighestenergypeakintheelectrondistribution

measuredateachelectrondensityforpurehelium.Thebluedots

standfortheaverageofthetopthreemaximumachievedpeak

energiesateachdensity.Thegreendiamondsaretheaveragesof

alltheenergiesofthehighestenergypeaksforshotsatidentical

density.Theerrorbarsareobtainedfromthestandarddeviation

ofthegivennumberofmeasurements. Theredlinerepresents

thepredictedenergiesatagivenlaserpowerof80TWusingthe

nonlinearscalinglawgivenbyEqn.[5.1].............. 87

xviii



5.4 (1)-(2)Sidescatteredimagesoftheplasmachannelsformedat

identicaldensityof1.16×1019cm−3achievedwiththetop-view

imagingsystem.Notethatthefalsecolorinalloftheimagesis

plottedinbase10logarithmicscaletopresentclearerfeatures

oftheplasmachannel. Lineoutsoftheplasmachannelsafter

takinglogarithmarerescaledandoverlaidwiththeimages.The

nozzlecenterandthelaserfocuspositionaremarkedwithblue

dashedlines.Thelaserpropagatedfromrighttoleft....... 89

5.5 (a)Normalizedlaserpeakamplitudeasafunctionofpropaga-

tion,(b)normalizedintensityweightedlaserradiusasafunction

ofpropagation,(c)normalizedintensityweightedlaserlengthas

afunctionofpropagation,(d)numberofmacroparticleswith

energylargerthan20MeV(solidline)andlargerthan500MeV

asafunctionofpropagation(dashedline,multipliedby50in

ordertofitinlinearscalewiththe20MeVcurve). Thepump

depletionlengthLpdisillustratedinallcurveswiththedashed

line.................................. 92

5.6 (a)Attimet=4ps,correspondingtoapropagationdistanceof

1.2mm(LWFAregime):(fromtoptobottom)2Dmap(x-y

plane)ofelectrondensity(normalizedtoρc);On-axislineoutof

thelongitudinalelectricfield(bluecurve)andelectrondensity

(blackcurve);Electronnormalizedmomentumpz/mc.(b)Same

picturesbutfortimet=7.5ps,orapropagationdistanceof2.2

mm(endofLWFAregime).Both2Dmapsarescaledton=0.05nc93

xix



5.7 (a)Fortimet=9ps,atapropagationdistanceofL=2.7mm

(beginningofthePWFAregime):top:2Dmap(longitudinal-

transverseplane)ofelectrondensity(normalizedtoρc),middle:

on-axislineoutofthelongitudinalelectricfield(bluecurve)and

electrondensity(blackcurve)andbottom:electronnormalized

momentumpz/mc.(b)samepicturesbutfortimet=12ps,soa

propagationdistanceofL=3.6mm(PWFAregime).Allthe2D

maparescaledton=0.05nc.Theblackarrowinthepictures

indicatesthepositionoftheelectronsinjectedduringthePWFA

regime................................. 94

5.8 On-axislineoutofthelongitudinalelectricfield(blackcurve)

andtransverseelectricfield(bluecurve)asafunctionofthe

propagationdistancefor:(a)t=4ps,atapropagationdistance

ofL=1.2mm(toppicture)and(b)fortimet=9ps,atapropa-

gationdistanceofL=2.7mm.................... 96

5.9 (a)and(b)Transversecross-sectionofelectrondensity,taken

inthe middleofthebubbleinthelongitudinaldirection,in

theLWFAregime(t=4ps,atapropagationdistanceofL=1.2

mm)andinPWFAregime(t=12ps,atapropagationdistance

ofL=3.6mm).(c)line-outoftheelectrondensity(normalized

tothebackgrounddensityne)alongthetransversedirectionfor

differentpropagationdistancesL=[1.2;2.4;3.6]mm....... 99

5.10Timesequenceoftheelectronnormalizedmomentumpz/mcfor

4differenttimesduringthePWFAregime,showingthegrowth

inenergyofthesecondarybunchaswellasthedecreaseinenergy

oftheleadingbunch.Picturesareforthefollowingtimes:(a)

t=7.5ps,(b)t=9.25ps,(c)t=11ps,(d)t=16.5ps. ......100

xx



5.11(a)Electronnormalizedmomentumpx/mcafterapropagation

distanceofL=4.3mmand(b)distributionfunctionofelectrons

dN/dEasafunctionofenergyin MeVforthreepropagation

distancecorrespondingtotheLWFAregime(1.2mm),beginning

ofPWFA(2.4mm)andlaterinPWFAregime(3.9mm).....102

5.12Normalizeddistributionofelectronsasafunctionofenergy(γ

factor),andtheangleθ(inradians)definedasθ≡py/pxfortwo

differentpropagationdistancesL=3.3mm(left)andL=3.5mm

showingthelargetransverseoscillations..............103

6.1 (a)Typicalimagesofquasimonoenergeticelectronbunchesgen-

eratedfrompureNitrogenatdifferentelectrondensities.From

toptobottom,ne=4.3×10
18cm−3,6.5×1018cm−3and

8.6×1018cm−3respectively.(b)Correspondingelectronnumber

densityperMeV...........................112

6.2 (a)Energyofthequasimonoenergeticelectronpeakasafunc-

tionoftheelectrondensity.Solidsquaresstandforthemeasured

peakelectronenergies,whilethesolidcurverepresentsthepre-

dictedmaximumelectronenergyversusdensityforagivenlaser

powerof80TWusingLu’sscalinglawasshowninEqn.7.1.(b)

Measuredchargeofelectronswithenergies>200MeVversus

theelectrondensities.Belowathresholdofne=3.3×10
18cm−3,

noelectronswereacceleratedtoabove200MeV,whichisindi-

catedbytheshadedarea......................113

xxi



7.1 (a)-(c)Energyresolvedimagesoftheelectronbunchesforara-

tioof4%ofCO2atplasmadensities,(a)8×10
18cm−3,(b)

8×1018cm−3,(c)1.1×1019cm−3;Alltheimagesareplottedin

thesamecolorrangewherethebrightnessrepresentsthefluxof

theelectronsinarbitraryunits.(d)Correspondingnormalized

electronnumberdensityperelectronenergy;Notethatthey

axisisinlogarithmicscale;Representativeuncertaintiesofmea-

suredelectronenergyat0.5GeVand1GeVareindicatedby

theredcircularspotsandattachedbarsatthetopoftheplot..122

7.2 Measuredchargeofelectronswithenergyhigherthan200MeV

versustheplasmadensity.Redemptycirclesaredatapointsfor

theHemixedwith4%CO2,whilebluetrianglesfortheHemixed

with10%CO2,andgreendiamondsforpureHe. Thegreyish

shadedregionrepresentstheregionthatisbelowtheinjection

thresholdof7×1018cm−3forpureHetotheinjectionthreshold

of4×1018cm−3withtheadditionof4%CO2.Notethatdue

tothelackofdatapointsatlowenoughdensitytoobservethe

injectioncutoff,theinjectionthresholdforHemixedwith10%

CO2isnotdeterminedhere.....................123

7.3 Energyofthehighestenergypeakintheelectrondistribution

measuredateachelectrondensityforHemixedwith4%CO2.

Thesolidtrianglesarethesinglemaximumachievedpeakener-

giesateachdensity.Theemptycirclesaretheaveragesofthe

energiesofthehighestenergypeaksforshotsatidenticalden-

sity,thestandarddeviationofwhichisconsideredastheerror

bar. Theredlinerepresentsthepredictedenergiesatagiven

laserpowerof80TWusingthenonlinearscalinglawgivenby

Eqn.[7.1]...............................125

xxii



8.1 Schematicdiagramoftheexperimentalsetupformeasuringthe

BetatronX-rayradiationproducedfromlaserwakefieldacceler-

ation..................................132

8.2 Theoreticalreflectivityofplatinumcoatedmirrorasafunction

ofX-rayenergyfordifferentgrazingangles.Thereflectivitywas

calculatedwiththeFresneltheoryusingscatteringfactorsfrom

NISTtables..............................134

8.3 SchematicdiagramshowingtheX-rayfocusingofthePtcoated

mirrorinthemeridionaldirection(spatialscaleisexaggerated

toshowmoreclearlyallocationsofthevariablesforanalysis).

AttheLanexscreentheX-rayfocusingdirectionisdefinedasx

directionwhilethenon-focusingdirectionisydirection. ....136

8.4 MeasuredBetatronreflectionsusingasinglePtcoatedmirrorat

grazingincidentanglesof(a)0.4o(b)0.6o.Thehorizontalline-

outscrossingthedirectandthereflectedlightstripsareplotted

atthebottomoftheimagesrespectively..............139

8.5 (a)Measuredintegratedreflectivities(triangles)ofthereflected

Betatronvs.grazinganglesofthePtmirror. Curvesarethe

theoreticalvaluescalculatedfromEqn.[8.4]forthreedifferent

Ec:6.2keV(greendash),7.5keV(bluesolid)and8.8keV(red

dash-dot).(b)SimulatedBetatronSpectrumwithEcof7.5keV,

thedashverticallineindicatestheX-rayenergyof7.5keV....141

8.6 (a) Measuredexperimentalspectrausingthephotoncounting

technique. Weshowtheexperimentaldata(line),thecorre-

spondingbestfit(boldline),andtoillustratetheprecisionof

thefitweshowthefitcorrespondingtoEc±1.5keV(dotted

andsemidottedlines).(b)SimulatedBetatronSpectrumcor-

respondingtothecriticalenergyaveragedovertenshotswith

Ec=8.75±1.13keV.........................143

xxiii



9.1 SimulatedK-shellabsorptionlinesversusdifferenttemperatures

for50-nm-thickAluminumatsoliddensity.............149

9.2 SchematicdiagramshowingtheBetatronX-rayprobesystem

layout.Theentiresetupexcepttheopticalimagingsystemsis

situatedinvacuum. Lenssystemsforcollectingandimaging

theelectronfluorescencefromtheLanexfluorescentscreenare

omittedhere.............................151

9.3 TheoreticalreflectivityofPlatinumat1.5keVversusgrazing

angle. Thebluesolid(blackdashed)curverepresentsthere-

flectivityobtainedfromFresneltheoryusingscatteringfactors

fromNISTtables(XOPcalculationsusingscatteringfactorsgen-

eratedfromitsbuilt-indatabaseso-calledDABAX).Thered

dashedcurverepresentsthetheoreticalthroughputof1.5keV

photonsforasingle10cmKBmirrorversusgrazingangleof

incidencethatispositionedthesamedistancerelativetogasjet

centerasintheexperiment.TheinsetshowstheBetatronspec-

trumaftertwoKBmirrorsforagrazingangleofincidenceof2o

andaftertheB10filterfoilsthatwereusedintheexperiments..155

9.4 Sketchthatshowsthedefinitionofvariablesforcomputingthe

angularrangeofX-rayatKAPcrystal...............157

xxiv



9.5 ContourplotofthesimulatedbroadenedAlKαlineatX-ray

CCDpositionusingSHADOWprogram.Thisisachievedwith

theKBmicroscopeatthebestfocuscondition.ALorentzianfit

tothehorizontallineoutoftheAlKαlineshowsaFWHMof

43um.Theintensitydistributioninverticaldirectionisrather

uniformwithalengthof∼1.6mm. Thesimulatedgeometric

layoutisthesameasthatinFig.9.2. Theinputparameters

forthesourceareasfollows:(1)photonenergyandnumber

ofray:1.487keVand20,000;(2)transversespatialdistribu-

tion:GaussianwithFWHMsizeof2µminbothhorizontaland

verticaldirections;(3)longitudinalspatialdistribution:uniform

withlengthof400µm;(4)angulardistribution:Gaussianwith

FWHMangleof4mradinbothhorizontalandverticaldirec-

tions. ................................161

9.6 RockingcurveofflatperfectKAPcrystalat1.487keVachieved

withXOP.Solidcurve:s-polarizedlight,dashedcurve:p-polarized

light..................................163

9.7 ImagesoftheBetatronradiationatthe WDMtargetposition

observedusingthefluorescentscreenimagingsystemforagiven

combinationofROC’sforthetwoKBmirrors.(a)isthemea-

suredsingleshotfocalspotand(b)istheZemaxsimulatedspot

thatisfoundtobestmatchthemeasuredoneshownin(a).In-

tensitiesofbothimagesarenormalizedtounityforcomparison.

Thehorizontallineoutsofspot(a)and(b)areplottedin(c),

whiletheverticalareshownin(d).Lineoutpositionsareindi-

catedbythewhitelinesin(a)and(b),andthelinewidthsare

setidenticallyto60umsuchthatitisadequatelywidetocover

theasymmetricfeaturesobservedinbothspots..........166

xxv



9.8 (a)Croppedimageoftherawsingle-shotX-rayCCDimage(b)

ProcessedX-rayimageusingthesingle-pixeleventalgorithmfor

thesamedataof(a).Redboxesindicatetheapproximateregion

wherethereflectedX-raysfromtheKAPcrystalarelocated. .169

9.9 AccumulatedX-rayCCDimagesfordifferentgrazinganglesof

theKAPcrystal. Thenumberofaccumulatedshotsateach

anglevariedfrom20to30shots.NotethatnoWDMtargetwas

fieldedinthesemeasurementsandtheX-rayfiltersappliedhere

areidenticaltothoseusedinFig.9.8.Redboxeshightlightthe

approximatesignalregionsforthedifferentangles. .......171

9.10X-raywavelengthtuningoftheKAPcrystal.Thedashedblack

lineistheexpectedX-raytransmissioncurveaftertakinginto

accountalltheX-rayfiltersinthebeampath.Solidcurvesare

thedetectedX-rayspectracorrespondingtotheaccumulated

imagesasshowninFig.9.9;Theintensityofeachspectrumwas

normalizedtothetotalmeasuredX-rayinputforagivennumber

ofaccumulatedshots.Notethatspectralcurvesshownhereare

thesmoothedresultsofrawlineoutsusinga3.5eVsmoothing

window................................172

10.1Theaverageionizationstatesofaluminumasafunctionofplasma

temperatureatadensityof2.7g/cm3obtainedwithvarious

models. ThecurvesofionizationstatesforUBCAM,Sesame,

QEOSandDFTweredigitizedfromFigure1inRef.[184]....180

10.2Schematicdiagramsshowingdifferentphoto-absorptionprocesses.

(a)inverseBremsstrahlungorfree-freeabsorption,(b)photoion-

izationorbound-freeabsorption,(c)atomiclineorbound-bound

absorption..............................181

xxvi



10.32Dcontourplotsofthecalculatedlinewidth(ineV)of1s-2p

transitionforAl4+(a)andAl5+(b)ionsasafunctionofmass

densityandplasmatemperature. Thecalculationsweredone

withPrismSpect[169]........................184

10.4Comparisonoftheopacitiesofaluminumplasmacalculatedwith

thescreenedhydrogenic(SH)model(dashedredline)andPrism-

Spect(solidblueline). Theplasmaisatsoliddensityof2.7

g/cm3andtemperatureof30eV.Theopacitypeaksfromleftto

rightareattributedtotheb-btransitionsofAl4+,Al5+andAl6+

ionsrespectively.IntheSHmodel,themassratiosofthesethree

ionsandtheirlinewidthscorrespondingtothe1s-2ptransitions

aresetidenticaltothosecalculatedbyPrismSpect. Massratios

(linewidths)ofthesethreeionsarelistedontheleft(right)col-

umninthetextboxatthebottomofthegraph.Notethatthe

restofmass(0.28)isintheformofAl3+ionunderthisplasma

conditionaccordingtoPrismSpectsimulation. Thelineshape

profileforeachionspeciesintheSHmodelwasassumedtobe

aLorentzianfunctionwithaFWHMequaltothelinewidth

achievedbyPrismSpect.......................184

10.5Schematicdiagramshowingthepump-probesetupforBetatron

ionizationexperiments........................188

10.6(a)Typicalintensityimageoftheheaterprofileattargetposition

inthe2013NovemberALLSCampaign(arbitraryunits).(b)

Energyfractionversusinstantaneuousintensityforthefocalspot

shownin(a)thatwasnormalizedto10mJand30fs.......188

xxvii



10.7Opticalabsorptionintheheaterspotversusdelaytimeofthe

heaterpulsetomeasurethesynchronizationoftheheaterpulse

withrespecttotheprobelaserpulse. Theinsetisatypical

imageoftheprobelaserspotatthetargetpositionwhenthe

twolaserpulsesaresynchronized.Positivedelaymeansthatthe

heaterbeamcomeslaterthantheprobebeam...........189

10.8(a)MeasuredX-rayspectrum(cyan)at0.5psaftertheAltarget

washeatedandcorrespondinggaussian-smoothedcurve(red).

(b)ReferenceX-rayspectrumof(a)inwhichthepumpforheat-

ingtheAltargetwasswitchedoff. TheGaussiansmoothing

functionsusedfor(a)and(b)areidenticalandhavethesame

FWHMof7pixels,correspondingto2.1eVinthefinalenergy

spectrum. Atotalnumberof174shotswereaccumulatedre-

spectivelytoachievethesetwospectra.Themeasuredenergyof

thepumplaserattargetwas10mJ................192

10.9SameasFig.10.8butatatimedelayof1ps. TheGaussian

smoothingfunctionusedherehasaFWHMof9pixels,cor-

respondingto2.7eVinthefinalenergyspectrum. Thetotal

numberofshotsforthisdatais150. ...............192

xxviii



10.10(a)Comparisonofthemeasuredtransmissioncurveatdelay

of0.5pswiththesimulatedtransmissioncurvesobtainedwith

differentmodels.Themeasuredtransmissioncurve(greensolid

curve)wasachievedbydivingthetwosmoothedspectraasin-

dicatedinFig.10.8andwasnormalizedtocomparewiththe

simulations. Thebluebarsaretheexperimentalerrorswith

themeasuredtransmissioncurve.Forthesimulations,thered

solidcurverepresentstheresultbasedonthescreenedhydro-

genic(SH)modelassuminganon-uniformslab;thepinkdashed

curvedrepresentstheresultbasedontheSHmodelassuming

auniformslab;thecyandashedcurverepresentstheresult

achievedwithPrismSpectassumingauniformslab.(b)Same

as(a)butforthedatapointachievedatdelayof1ps,corre-

spondingtothespectrashowninFig.10.9.Forthetwouniform

slabmodels,theequivalentelectrontemperature,massdensity

andthicknessusedincalculatingtheX-raytransmissionforthe

measurementachievedat0.5ps(1ps)are24eV(22.5eV),2.5

g/cm3(2.0g/cm3)and59nm(68nm)respectively.Thethick-

nessesshownherehavetakenintoaccounttheangleofincidence

ofthelaser..............................193

10.11 Flowchartsshowingdifferent modelstocomputetheX-ray

transmissioncurveofthewarmdensealuminum.(a)Non-uniform

slabmodelwithopacitycalculationfromSHmodel.(b)Uniform

slabmodelwithopacitycalculationfromSHmodel.(c)Uniform

slabmodelwithopacitycalculationfromPrismSpect.......196

xxix



10.12(a)Contourplotofthesimulated(MULTI−fs)massdensity

ρ(r,t)ofa50nmAlfoilirradiatedbya30fs,1.3×1015W/cm2

laserpulseatwavelengthof800nm.Thelaserimpingesonthe

targetfromthebottom,asindicatedbythearrowinthegraph,

withangleofincidenceof40degreeandppolarization. The

correspondinglineoutsforfourdifferenttimesareplottedin(c)

withthelaserpeakdefinedastimezero.(b)and(d)arethe

sameas(a)and(c)butforaveragechargestateZ(r,t). ...199

10.13SameasinFig.10.12butforelectrontemperatureTe(r,t),indi-

catedby(a)and(c),andforiontemperatureTi(r,t),indicated

by(b)and(d).Inthesimulation,anartificiallayerofaluminum

vaporwithρof2×10−3g/cm3wasaddedatthebackofthe

targettoobservetherearexpansion,mainlyforthemassden-

sity.Thisartificiallayerissodilutesuchthatitdoesnotaffect

themassexpansionfromtherearsidesignificantly........200

10.14(a)DerivedfractionofAl4+ionasafunctionoftimeusing

differentmethods.Thebarwithorangeupwarddiagonalsrep-

resentsthebestfitratiousingtheSHmodelassumingauniform

slab;Thebarwithpinkdownwarddiagonalsrepresentstheeffec-

tiveratiofromthesimulationbasedonnon-uniformslabmodel.

Thebarwithbluecheck-boardpatternrepresentstheresults

fromthecalculationbasedonthetheuniformslabmodel.(b)

Sameas(a)butforAl5+ion....................205

11.1LayoutsofplanartargetswithburiedZlayer(a)andfrontZ

layer(b).(c)Schematicdiagramshowingthelaser,targetand

X-raydiagnostics. TheCuKαImagerwaslocated40degree

belowthereartargetnormal. TheHOPGspectrometerwere

installedintherearsideofthetargetwithviewingdirection

alongthelaserpropagationaxis...................212

xxx



11.2TypicalCuKαimages(a)and(b)fromZ=AuandZ=Al

oftheburied-Ztargetsrespectivelywhenthereisnoinjected

prepulse.Thesetwoimagesarereconstructedimagesofwhich

theviewingangleisparalleltothetargetnormal,whichwas

donebytransformingtherawimagesaccordingtothegeometry

ofviewingaxisofthecrystalimagerrelativetotargetnormal.

TheaveragedFWHMsizeofspot(a)is150±10µm,ascompared

to154±10µmoftheFWHMsizeofspot(b)...........214

11.3(a) MeasuredCuKαspotsizesachievedfromCuKαimager

fortargetsofburiedgold,frontgoldandtheirreferencesunder

conditionofwithinjectedprepulse(solidtriangles)andwithout

injectedprepulse(emptycircles).(b)Correspondingnormalized

yieldsoftheCuKαXrayfromHOPGspectrometer.......214

11.4(a)Contourplotoftheazimuthalmagneticfieldsformedinthe

buriedAltargetattime=0.5ps.(b)Thesameas(a)butfor

buriedAutarget...........................216

11.5(a)Simulatedtime-integratedCuKαspotformedintheburied

Altarget.(b)Simulatedtime-integratedCuKαspotformedin

theburiedAutarget.(a)and(b)aredisplayedinthesamecolor

scale.(c)ThenormalizedlineoutsofthetwoCuKαspots,red

curveforburiedAuandblueforburiedAl.............219

A.1 TheuserinterfaceoftheFrineditsoftware.............260

A.2 Flowchartillustratingtheworkflowforanalyzingtheoptical

fringesbyFrinedit.Inthisflowchart,onlythemajorstepsare

listed.................................260

xxxi



A.3(a)AninterferogramtakeninoneoftheALLSexperimental

campaignsshowingtheleadingfrontofthelaserpulsepropa-

gatingintheunderdenseplasma. Thelaserpropagatedfrom

righttoleft.Thegastargetforthisdatashotwaspurehelium

obtainedwiththebackingpressureof700psi.(b)Thecorre-

sponding2DplasmadensityprofileachievedwiththeFrinedit

programusingtheasymmetricinversiontechnique........261

B.1 CollisionfrequencyofsolidAl(ρ=2.7g/cm3)asafunction

ofplasmatemperature(blacksolidline)calculatedwiththe

electron-phononmodelemployedin MULTI-fscode. Thema-

gentadashedlinerepresentstheresultsachievedfromEqn.B.3

andtheblackdashedlineistheupperlimitofthecollisionfre-

quencygivenbyrequirementλe>r0. Notethattheresultsof

collisionfrequencyshownhereweretakenfromFig.1ofRef.[196].

Incalculatingtheseresults,asquotedinRef.[196],itwasas-

sumedthattheelectronsandionsareinthermalequilibrium,

i.e.:Te=Ti.Theaverageionizationstateofaluminumrequired

forcomputingtheSpitzercollisionfrequencywasachievedwith

aThomas-Fermimodelassuminglocalthermodynamicequilib-

rium(LTE)condition........................264

B.2 Effectivecollisionfrequencyνe(Te,ω)givenbyEqn.B.8asafunc-

tionofelectrontemperatureTeandphotonenergy ωforalu-

minumatsoliddensityρ=2.7g/cm3andKds=1. Figure

takenfromRef.[195].........................268

xxxii



C.1(a) MULTI-fssimulatedspatialdependenceofmassdensityρ

(blueline),electrontemperatureTe(cyanline),averageioniza-

tionstateZ (magentaline)atthetimeof0.5psafterthelaser

peakarrivesatthetargetforthecaseinwhicha800nm,30fs,

laserpulsewithpeakintensityof1.3×1015W/cm2irradiating

50nmaluminumfoilat40degreesangleofincidence.Notethat

inthesimulationthelaserpulsecomesfromtheleft.Theaver-

ageionizationstateZ calculatedfromFLYCHK(orangeline)

withtheinputparameters(ρ,Te)asplottedhere.(b)Thesame

as(a)butforsimulationtimeof1psafterthelaserpeakarrives

atthetarget.............................270

C.2(a)Timeevolutionoftheabsorbedenergy(redline),electron

internalenergy(blueline),ioninternalenergy(magentaline)

andkineticenergy(greenline)forthesimulationcaseasshown

inFig.C.1(a).(b)PROPACEOSestimatedelectrontempera-

tureversustheelectroninternalenergyforaluminumwithmass

densityof2.5g/cm3.........................271

xxxiii



D.1Schematicdiagramshowingtheexperimentalsetupforthere-

flectivitymeasurementattheUniversityofAlberta.The800nm,

130fs,p-polarizedlaserpulseswithdiameterof∼1cmentered

thevacuumchamberfromtheleft. Theentrancewindowwas

tiltedatasmallangletoreflectafewpercentofthelaseren-

ergytoaphotodiodesystem(M1andPD1)tomonitortheinput

laserenergy.Thelaserpulseswerefocusedontothe50nmAl

targetplateby5cmfocallengthlens. Thefocalspotreflected

fromthetargetplanewasimagedbyalenssystemconsisting

ofa3X/NA0.1objective,wedge W2andCCD(CCD1). The

reflectedlaserlighttransmittedthroughthewedge W2wasre-

focusedontoaphotodiode(PD2)tomonitorthereflecteden-

ergyofthelaserpulseafterinteractingwiththeAltarget. A

lensimagingsystemconsistedoflensL2(f=7.5cm),wedgeW1,

lensL3(f=30cm)anddetectorCCD2wassetuptoviewthe

targetfrontsurfacetomakesuretheareaofthetargetplatefor

interactionwasatthefocalplaneofthe800nmlaserpulse.The

lightsourceforthislensimagingsystemwasagreenLEDthat

waslocatedoutsidethechamber..................276

D.2(a)Typicalintensitycontourimageofthefocalspotatthetarget

positionforthereflectivitymeasurement.Energyfractionversus

instantaneousintensityforthefocalspot(a)isshownin(b).In

graph(b),thecurvewasachievedbynormalizingthefocalspot

to100µJand130fs.........................277

xxxiv



D.3 Reflectivityasafunctionofincidentpeakintensityfor130fs,

800nm,p-pollightirradiating50nmaluminumfilmsonglass

at45degreesangleofincidence.Thegreensolidcirclesrepre-

senttheexperimentaldata,whiletheblueemptysquarescon-

nectedbyabluelinerepresenttheresultsofMULTI-fssimula-

tionwithplasmamodel1:electron-phononmodelandthered

emptytrianglesconnectedbyredlineforMULTI-fssimulation

withplasmamodel2: Drude-Sommerfeldmodel. Thedetails

onthesetwomodelsaregivenAppendixB.Notethatunderthe

intensityconditioncorrespondingtothemeasureddatapointbe-

low1×1013W/cm2,thealuminumtargetwasnotdamaged.For

comparison,thetheoreticalreflectivitybasedonFresnelequa-

tionsfor800nm,p-polarizedlightirradiatingaluminumwith45

degreesangleofincidenceisshownasacyandiamondinthe

graph. Therealandimaginarypartsofthecomplexindexof

refractionusedincomputingthetheoreticalFresnelreflectiv-

itywereinterpolatedfromthedatagiveninRef.[218]andwere

obtainedas2.7and8.4respectively.................278

xxxv



D.4(a)Thebluecurveistheenergyfractionaboveagivenintensity

asafunctionofintensityforatypicalheaterfocalspotmeasured

intheALLS2014Januarycampaign.Thefocalspotwasnor-

malizedto6mJand30fs.Theredcurveistheweightingfactor

orenergyfractionforeachintensitycomponentinthefocalspot.

Thisweightingfactorcurvewasusedtocomputetheeffective

reflectivityofthefocalspot.(b)MULTI-fssimulatedreflectivity

withplasmamodel2asafunctionoflaserpeakintensity.The

simulationlayoutisthesameastheexperimentalone,i.e.:800

nm,30fs,p-pollaserpulseswithvariousintensitiesirradiating

a50nmaluminumtargetat40degreesangleofincidence.The

bluelineisthefittedcurvetothediscretesimulationpoints(red

solidcircles).............................281

D.5 Measuredreflectivities(redsolidcircles)versusthe MULTI-fs

simulatedreflectivity(blueline)achievedwiththemethodde-

scribedinthistext. Themeasuredreflectivitiesweresimply

achievedbydividingtheinputpulseenergybythereflectedpulse

energy.................................283

xxxvi



ListofAbbreviations
Listofcommonlyusedabbreviations

ASE AmplifiedSpontaneousEmission

ALLS AdvancedLaserLightSource

CPA Chirped-pulseAmplification

CCD Charge-CoupledDevice

CHS CentralHotSpot

DT Deuterium-Tritium

fs femtosecond(10−15ofasecond)

FI FastIgnition

FWHM Full WidthatHalfMaximum

ICF InertialConfinementFusion

INRS InstitutNationaldelaRechercheScientifique

LWFA Laser WakefieldAcceleration

LLNL LawrenceLivermoreNationalLaboratory

OPCPA OpticalParametricChirpedPulseAmplification

ps picosecond(10−12ofasecond)

PW Peta-watt(1015watt)

TW Tera-watt(1012watt)

MA Mega-ampere(106ampere)

MeV Mega-electronvolt(106eV)

GeV Giga-electronvolt(109eV)

xxxvii



Chapter1

Introduction

Eversincethelaserwasinventedby Maimanin1960[1],lasertechnology

hasadvancedatanincrediblerate,thepulseenergyincreasingfromjoulesto

mega-joules,thepulsedurationshrinkingfrommicrosecondstofemtoseconds

(10−15s),andthepulsepowergrowingfromwattstopetawatts(1015watt).

Thekeytohighandultrahighpowerlaserintensityistheamplificationof

ultrashortpulsesonthepicosecondandfemtosecondtimescales.Laserpulses

withdurationsinsuchanultrashortregimecanbeachievedwithmodelocking,

awellestablishedtechniquedevelopedatthebeginningofthe1970s[2]. When

propagatingtheseultrashortpulsesthroughtheamplifyingmedia,thelaser

intensitybecomessohighduringamplificationsuchthatnonlinearprocesses

suchasself-focusingtakeplaceinsidethemedia,consequentlydamagingthe

opticalcomponentsoftheamplifiers.Thistechnicaldifficultyconstrainedthe

laserpowerofasinglelasermoduletothegigawattlevelfortwodecadesuntil

theinventionofthechirped-pulseamplification(CPA)approach[3,4].

Asopposedtothedirectamplificationapproach,theCPAtechnique,asil-

lustratedinFig.1.1,wouldstretchoutthelaserpulseinthetimedomainprior

toamplification. Thisremovesthelimitationofdamagingthegainmedium

throughnonlinearprocessesthatareinevitableinthedirectapproach.After

amplification,thelaserpuleswouldbere-compressedbacktotheoriginalpulse

1





(LWFA)[6],generationofcoherentXUVradiation[7],hardandsoftX-ray

sourcegeneration[8]andthelistgoeson.

Amongthemanyapplicationsofhighintensitylaserplasmainteraction,

LWFAandfastignitionwillbestudiedandconstitutethemainpartofthis

thesis.Technically,laserwakefieldaccelerationconcernsrelativisticphenomena

occurringinanunderdenseplasmaregionwhereasfastignitiontakesplacein

anoverdenseplasmaregion. Thesetwoplasmaregionsaredefinedbasedon

thelasercriticaldensity,whichisthedensityatwhichthelaserlightwillbe

reflectedwhilepropagatinginsideaplasmaandtakestheformof:

nc(cm
−3)=

ω20meε0
e2

1.1×1021/λ2µm (1.1)

whereω0isthelaserangularfrequencyinvacuum,meistheelectronmass,ε0

ispermittivityoffreespace,eistheelectronchargeandλµmisthelaserwave-

lengthinvacuuminunitsofµm.Givenalaserwavelengthof0.8µm,whichis

widelyusedinrecentultra-highpowerlasers,thecriticaldensityiscalculated

tobenc 1.72×1021cm−3. Forlaserwakefieldacceleration,theworking

plasmadensitynormallyrangesfrom1017cm−3to1019cm−3,whichis2to

4orderslessthanthecriticaldensity,thusreferredtoasunderdenseplasma.

Ontheotherhand,theplasmaisdefinedasoverdenseplasmaforfastignition

sincethedensityinvolvedrangesfromcriticaldensitytocompressedmatter

densities(ontheorderof1026cm−3),whichisaround5ordersofmagnitude

higherthanthecriticaldensity.

Therelativisticlaserplasmainteractionischaracterizedbythelasernor-

malizedvectora0thatisgivenby:

a0=υos/c=eE/meω0c 0.85 I18λ2µm, (1.2)

whereυosisgivenbyυos=eE/meω0andrepresentsthequivervelocityofthe

electroninthelaserelectricfieldEinthenon-relativisticregime,cisthespeed
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oflightinvacuumandI18isthepeaklaserintensityinunitsof10
18W/cm2.

When a0 1,thequivermotionoftheplasmaelectronsbecomerelativistic.

Forlaserpulseswithλ=1µm,afocusedintensityof∼1.4×1018W/cm2

correspondstotheonsetoftherelativisticelectronmotion.

1.1 Laser WakefieldAcceleration

Highenergyparticlesthatareintherelativisticregimeareofgreatinterest

becauseoftheirwidespreadusesinavarietyofareas,includingapplications

inindustrialandmedicalfieldssuchaselectron-beammaterialprocessing[9]

andprotontherapyforcancertreatment[10],aswellastheapplicationsin

scientificresearchsuchasparticleandnuclearphysics. Besides,highenergy

particlessuchaselectronsmaybemanipulatedintoemittingextremelybright

andcoherentbeamsofhighenergyX-raysviasynchrotronradiation,which

havenumeroususesinthestudyofatomicstructure,chemistry,biology,high

energydensityphysicsandsoon. Forapplicationssuchaschemistryand

biologyusingthesynchrotronradiation,electronbuncheswithenergyranging

fromafewhundredsof MeVto multi-GeVarerequiredtoproduceX-ray

photonswithhighenoughphotonenergyandsufficientbrightness.Forparticle

physicsatthenextenergyfrontier,electronsandpositronsattheTeVenergy

scalearerequiredinordertosearchfornewphysics.Therefore,thereisagreat

demandforparticleacceleratorsathighenergyandhighintensity.

Conventionally,linearacceleratorsorlinacsarewidelyusedtogeneratehigh

energyparticles,whichrelyonatechniquebasedonradio-frequencyoscillating

electricfieldssustainedinametaliccavity. However,theacceleratinggradi-

entssuppliedbythistechniquearelimitedtoapproximately100MV/m,duein

parttotheelectricbreakdownthattakesplaceonthecavitywall.Therefore,

numerousaccelerationmoduleshavetobestagedsequentiallyoveradistance

ofmanykilometersinordertoreachtheenergyofinterestforparticlephysi-
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cists.Forinstance,theStanfordLinearAcceleratorCenter(SLAC),theworld’s

longestelectronaccelerator,wasbuiltwithalengthof3kilometersinorderto

accelerateelectronsto50GeVofenergy.

Inanefforttoreducethesizeofaccelerators,plasmabasedaccelerators

havebeeninvestigated.Ionizedplasmascansustainelectronplasmawaves

withelectricfieldsinexcessofE0=cmeωp/eor

E0(V/m) 96 ne(cm−3), (1.3)

whereωp=(nee
2/me0)

1/2istheelectronplasmafrequencyandneistheambi-

entelectronnumberdensity.Forinstance,aplasmadensityofne=10
18cm−3

yieldsE0 96GV/m,whichisapproximatelythreeordersofmagnitudegreater

thanthatachievedinconventionallinacs.Inaddition,sincetheplasmaisal-

readyionized,breakdownissuessuchasthoseencounteredintheconventional

linearacceleratorsarenotofconcerninplasma-basedaccelerators. Withsuch

highacceleratinggradientfields,plasmabasedacceleratorscanpotentiallyac-

celeratetheparticlestothedesiredenergyinamuchshorterdistancethan

conventionalaccelerators. Therefore,plasmabasedacceleratorshavethepo-

tentialtobecomethenextgenerationofcompactaccelerators.

Plasmawavesinplasmabasedacceleratorscanbeexcitedbyintenselaser

pulse(s)orbyenergeticparticlebeams. Comprehensiveoverviewsofplasma

basedacceleratorscanbefoundinRefs.[11,12]. Theapproachofinterestin

thisthesisisdrivingtheplasmawaveswithanultra-intenselaserpulse,which

isnormallyreferredtoaslaserwakefieldacceleration(LWFA).Theconcept

ofLWFAwasfirstproposedbyTajiamaandDawsonin1979[6].InLWFA,

atravelingintenselaserpulseinunderdenseplasmaexcitesaplasmawaveor

wakewithaphasevelocityclosetothespeedoflight.Theexcitedplasmawave

isessentiallyadensitymodulationoftheplasmaelectronsbywhichstronglon-

gitudinalE-fieldsweredevelopedintheelectrondepletedregionwherethelocal
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chargeisgreatlyunbalanced.Electronstrappedintheplasmawavewithsuf-

ficientinitialenergycanbeacceleratedbytheestablishedlongitudinalE-field

foralongtimeandgainasignificantamountofenergy.Thetrappedelectrons

tendtobunchupinphasespaceastheyareacceleratedintheplasmawave,

resultinginmonoenergeticbuncheswithnarrowenergyspread.Inaddition,

thespatiallengthoftheacceleratedelectronbunchisconstrainedbytheperiod

oftheplasmawave,makingtheelectronbunchextremelyshortwithapulse

durationontheorderofafewfemtoseconds[13].

Remarkableprogresshasbeenachievedinmakinghigh-qualityenergetic

electronswiththeLWFAscheme. Muchofthisdevelopmentisduetothe

rapiddevelopmentofCPAlasertechnology, makingcompactsourcesofin-

tense,highpower,ultrashortlaserpulsesreadilyavailable.Inrecentyears,

LWFAresearchershavebeenabletoproducelowdivergence[14,15],energy-

tunable[16,17], MeV-to-GeVscale[18,19,20]electronbuncheswithgood

stability.Thesebeamsareofgreatinterestasadriverforvariousfree-electron

X-raysources[21]. Forinstance,bycollidingthelaser-wakefieldrelativistic

electronswithanintenselaserpulse,abrightnarrow-bandX-raypulsetun-

ablefrom∼70keVto>1MeVisgeneratedthroughamechanismknownas

Thomsonscattering[22].ThisnewgenerationoftunableultrashorthardX-ray

radiationcanbeusedinmanyX-rayradiologicalapplications[23,24].

TheplasmawaveinLWFAnotonlyhasastrongacceleratingfieldbutalso

hasstrongfocusingfields.Thesefocusingfieldscancausethetrappedelectrons

tooscillatetransversetotheiraccelerationdirection,in”betatronorbits”.This

motiongeneratesX-rayradiation,socalledBetatronradiation,whichcanhave

apeakbrightnesscomparabletothatobtainedwithconventional”3rdgener-

ation”lightsources[25]. Thisisinpartduetotheultra-short-pulsenature

oftheBetatronradiationthatisexpectedtohavethesametemporaldura-

tionasthelaserexcitedelectronbunch,i.e.:afewfemtoseconds.Inaddition,

Betatronradiationhasotherattractivepropertiessuchasbroadbandwidth,
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narrowdivergenceandaccuratesynchronizationwiththelasersourcepulse.

SuchX-raysourcescanbeusedinawiderangeofstudiesintothestructureof

matter.

Asthemajorpartofthisthesis,theaimofmyPh.Dstudiesare:

•tostudytheelectronaccelerationwiththeLFWAscheme. Ofparticu-

larinterestareachievingstablegenerationofmonoenergeticGeV-level

electronswithdifferentinjectionmechanisms,studyingthescalingofthe

electronenergywithplasmadensityandoptimizingthechargeofthe

acceleratedelectrons.

•tocharacterizetheBetatronradiationbyusingtheX-rayreflectionoffa

grazingincidencemirror.

•toemploytheBetatronradiationtotemporallyresolvetheionization

statesofwarmdensealuminum.

1.2 InertialconfinementfusionandFastigni-

tion

Fusionreactionscombinelighternuclei,suchashydrogen,togethertoforma

heavierone.AccordingtoEinstein’smass-energyrelationship,i.e.:E=mc2,

anuclearreactioninwhichthetotalmassofthefinalproductsissmallerthan

thatoftheinitialreactingnucleireleasesenergythatisproportionaltosucha

massdifference.Anotherwaytointerpretthisisthroughthenuclearbinding

energy,whichistheenergyonemustinvesttodisassemblethenucleusinto

itscomponentneutronsandprotons.Forfusionreaction,theheaviernucleus

inthefinalstatehasastrongernuclearforcetobindthenucleonstoalower

potentialstate,thusreleasingenergythatisgivenbythedifferencebetween

thefinalandinitialbindingenergiesoftheinteractingnuclei.
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Ofmanypotentialfusionreactions,theeasiestonetotargetforterrestrial

powerproductionistheDTreaction:

D+T→α(3.5MeV)+n(14.1MeV) (1.4)

duetoitslargefusioncross-sections(1-5barns1)achievableatrelativelymodest

collisionenergies(25-300keV)[26].Intheaboveequation,DandTrepresent

deuteriumandtritium(isotopesofhydrogen),andαandnstandforanalpha

particle(orheliumnucleus42He)andneutronrespectively. TheDTreaction

isthegoalformanyclean-energymindedscientists.TheDTreactionimplies

thatmostoftheenergyemergesprimarilyasneutrons.Forapplicationssuch

astheproductionofelectricity,onehastoconvertthekineticenergyfrom

theneutronstoheatinordertomakeuseoftheenergy.Forotheruses,the

neutronsproducedintheDTreactionscanbeusedasbreedersoffuelfor

powerplantsusingnuclearfissionortoburnupradioactivewasteproduced

fromfissionreactors.

Tocombinetwopositivelychargednucleitogether,onehastoovercomethe

strongcoulombrepulsivebarrier. Onewaytoachievethisistoconfinethe

reactionnucleiintheformofplasmawithsufficientlyhightemperature,on

theorderof10keV.Underthethermalequilibriumcondition,theCoulomb

collisionsjustredistributethekineticenergyamongplasmaparticles,andfu-

sionreactionswilloccurprimarilyforparticlesinthehighenergytailofthe

distributionfunction. Thisapproachisreferredtoasthermonuclearfusion.

Forthefusiontooccur,theplasmahastobemaintainedforasufficientperiod

oftimeandatacertainleveloftemperatureanddensity.

Currently,therearetwomajorapproachestoconfinesuchafusionplasma,

magneticandinertialconfinement.Themagneticconfinementapproachtakes

advantageofthenatureofplasmaaschargedparticles.Chargedparticlessuch

11barn=10−24cm−2
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asthefuelionsfollowthemagneticfieldlines.Thefusionfuelcanthereforebe

trappedindeviceswithappropriatemagneticfieldconfigurations.Examples

areTokamaks[27]andStellarators[28].Inertialconfinementinvolvesnoexternal

meansofconfinement,butexclusivelyreliesonmassinertia.Supposeafusion

plasmahasbeenassembledinasphericalvolume.Themassinertiathenkeeps

ittogetherforashortperiodoftimegivenbythetimeasoundwavetakes

totravelfromthesurfacetothecenter.Thefusionburnhastooccurinthis

periodoftime. Theapproachofinterestinthisthesisisrelatedtoinertial

confinementfusion(ICF),therefore,therestofthissectionwillbelimitedto

ICF.

BecauseoftheshortconfinementtimeinICF,typicallyonetenthofa

nanosecond,toburnaconsiderablepartofthefuel,onehastoconfinethefuel

plasmatoextremelyhighdensitiestoachievehighreactionrates. According

totheLawsoncriterionthatdefinestheignitionconditionforfusionreactions,

nτ >1014s/cm3[29],wherenandτarethenumberdensityforthereac-

tionnucleiandconfinementtimerespectively,theDTfuelforICFhastobe

compressedtoaboutathousandtimesitssoliddensity.

CompressioninICFisachievedthroughimplosionofanultra-smoothhol-

lowsphericalfuelshellof∼2mmdiameter.Theshellitselfhasanouterlayer

ofBe,CorpolymertoformanablatorwitharegionofDTiceonitsinner

surface.TheinsideoftheshellisfilledwithDTgas.Thepotentialdrivercan

beahighpowerlaserorionbeam.Themethodofinterestinthisthesisisto

useanarrayofshortenergeticlaserpulses,deliveringenoughenergytoheat

andcompressthefuel.Thisisknownaslaserfusion.

Therearetwoprimaryapproachesthroughwhichthelaserpulsesgenerate

therequiredenergyfluxandpressurefortheimplosion,i.e.directdriveand

indirectdrive,aspresentedinFig.1.2.Inthedirectdivescheme,thelasers

irradiatedirectlythefuelcapsulesurface,ablatingtheoutsidelayeranddriving

astrongimplosion.Inindirectdrive,thelasersaredirectedontheinnerwall
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Figure1.2: Comparisonofdirect-drive(a)andindirect-drive(b)compressing
thefuelinICF.

ofahohlraumthatcontainsthefuelcapsule,producingX-raysthatirradiate

thefuel.Thehohlraumisacanisterwithlaserentranceholesateachendand

ismadeofgoldorotherhigh-Zmaterialssuchthatthegeneratedplasmare-

radiatesmostoftheabsorbedlaserenergyintheformofX-rays.Inbothdirect

andindirectdrive,intenseradiationofthecapsuleablatesthefrontlayerand

theconsequentrocket-likereactionpressurefromtheablatedplasmadrivesthe

implosionofthefuel,creatingacentralhotspot(CHS)forignitingtheDT

fuel.

Ofthesetwo methods,thedirectdriveis moreefficientinenergycou-

pling. However,indirectdriveallowsforamoresymmetricdrivebecauseX-

raysemittedfromthehohlraumareuniformandisotropic.Furthermore,the

radiation-drivenimplosionfromtheindirectdriveismorestablewithrespect

tohydrodynamicinstabilities[26].Forbothschemes,theglobalefficiencyof

thecompressionislimitedbytheimplosionasymmetries,whichmainlycome

fromthedefectsofthecapsulemanufactureandtheuniformityofthelaserir-

radiation. Moreover,theignitionofthesetwoschemesreliesontheformation

ofacentralhotspot,whichrequiresgoodcontrolofhydrodynamicinstabilities
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duringimplosion.TheseissueswiththeabovetwoCHSignitionschemesne-

cessitateahigh-precisiondrive.FastIgnition(FI)isdesignedtoseparatethe

compressionandignitionprocessesandthusreducethestringentrequirements

ontheimplosiondrivesomewhat.

TheideaofFIistodecouplethefuelignitionprocessfromitscompression.

Firstly,fuelisimplodedtoproduceahigh-densityconfigurationwithoutahot

spot.Secondly,theimplodedfuelisbroughttoignitionbyuseofanexternal

energysource:e.g.:ahotelectronbeamwithrelativisticenergiesproducedby

oneormorehigh-powerlaserpulsesinteractingwiththefuel.IntheFIscheme,

thehotspotrequiredforignitioncanbecreatedbyhotelectronsdepositing

energyinanoff-centersmallareaoftheimplodedfuel. MoredetailsofFIare

giveninChapter3.

Fastignitionpresentsmanydistinctadvantagesincomparisonwiththe

CHSschemes,andoffersthepossibilitytoachieveignitionatlowertotallaser

energies.ExamplesoftheadvantagesforFIarelowerignitionthreshold,higher

gainandlowersensitivitytothehydrodynamicinstabilities.Inparticular,the

lowsensitivitytohydrodynamicinstabilitiesrelaxessignificantlytherequire-

mentsonthesmoothnessofthetargetsurfaceandthesphericaluniformityof

thedrive.

ThesuccessoftheFIschemereliesonefficientenergycouplingfromthe

heatinglasertothehotelectronsandsubsequenttransportofthisenergyto

thecompressedfuel.Inparticular,thetransportinvolvesrelativisticelectron

beamswithcurrentsontheorderof100MA.Andtheyhavetocrossanover-

denseplasmaregionwiththicknessofsome100µmtodepositanenergyof

∼20kJinasmallareawithdiameterof∼40µm.Asitturnsout,transportof

suchcurrentsthroughplasmaisacomplexproblem.Firstofall,thehotelec-

tronsarebornwithlargeangulardivergence,requiringspecialtargetdesigns

forbeamcollimation.Secondly,thehotelectronsaresubjecttobeamfilamen-

tationandenergydissipationbycollectivemechanisms[30].Thesechallenges
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havetotakenintoaccountandovercomebeforetheFastIgnitionconceptcan

beputintopracticaluse.

MyresearchrelatedtoFIwastostudyhotelectrontransportrelevantto

thefastignition,andinparticular,toinvestigatetheeffectofresistivelayers

withinthetargetonthehotelectrondivergenceandabsorption.

1.3 OutlineoftheThesis

Chapter2providesadetailedbackgroundofthephysicsoftheelectron

accelerationandBetatronradiationgenerationrelatedtothelaserwakefield

acceleration. Regardingtheelectronacceleration,anoverviewoftheaccel-

erationmechanismisgivenfirst,followedbyadetailedintroductionofsome

importantnonlinearprocessesthatareinvolvedinLWFA.WithrespecttoBe-

tatronradiation,thephysicsoftheradiationgenerationalongwiththetheory

concernedwithsomeimportantfeaturesofBetatronradiationisdescribedin

detail.

Chapter3presentssomebasicbackgroundrelatedtoFastIgnitionand

absorptionmechanismsthatallowthetheenergyofultra-intenselaserpulseto

betransferredtotheplasma.Inaddition,thetemperaturescalingofthehot

electronsandthephysicsofthereturncurrentforneutralizingthehotcurrent

isdiscussed.

Chapter4givesanoverviewofthe200TWlasersystemattheAdvanced

LaserLightsource(ALLS)locatedatINRSatVarennes,QuebecandtheTitan

laserbeamlineintheJupiterLaserFacilityatLawrenceLivermoreNational

Laboratory. TheLWFAexperimentsdescribedinthisthesiswereconducted

withthe200TWlaseratALLSandtheFIexperimentswiththeTitanlaser.

Alsopresentedinthischapteraresomediagnosticsthatwereusedduringthe

experiments.

Chapter5discussesaLWFAexperimentwhereelectronenergyenhance-
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mentwasobservedatrelativelyhighplasmadensity,whichwasduetoanon-

lineartransitionfromLWFAtoplasmawakaefieldacceleration(PWFA)as

verifiedby3DParticle-in-Cell(PIC)simulations.

Chapter6demonstratesanotherLWFAexperimentwheremono-energetic

electronbuncheswithpeakenergyashighas0.5GeVwereachievedwithpure

nitrogengas.

Chapter7illustratestheexperimentalresultsofGeVelectronsfromLWFA

achievedwithionizationinjectionusingCO2mixedinHe.

Chapter8describesanewdiagnostictechniquethroughwhichthecritical

energyoftheBetatronradiationcanbemeasuredbasedonemissioninthe

5-10keVrange.ThistechniqueisbasedontheX-rayreflectionoffagrazing-

incidencemirror.

Chapter9presentsthecharacterizationofaBetatronX-rayprobebeam-

line,whichwasdevelopedtotemporallyresolvetheionizationstatesof Warm

DenseAluminum. WiththisBetatronX-rayprobe,theionizationstateofthe

WarmDenseAluminumwassuccessfullymeasured.Theexperimentalresults

alongwiththesimulationresultsforinterpretingthemeasurementsaregiven

inChapter10.

Chapter11isdedicatedtoFastIgnitionrelatedmeasurements.Thischap-

terdiscussesanexperimentinwhichtheresistiveeffectfromahigh-Zmaterial

layeronthehotelectrondivergenceandabsorptionwasstudied. Electron

transportsimulationwithakineticelectrontransportcodewasconductedand

theresultscomparedwiththeobservationsfromtheexperiments.

Chapter12summarizestheworkanditsimpactandproposesfurther

stepstoexpandupontheworkherein.
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Chapter2

PhysicsofLaser Wakefield

Acceleration

2.1 Electronacceleration

Themechanismoflaserwakefieldacceleration,asillustratedinFig.2.1,can

beunderstoodbythefollowingscenario:Consideranultra-intenseshortlaser

pulse,>1018W/cm2,propagatingintoanunderdenseplasma.Theelectrons

areexpelledfromthebeamaxisbytheponderomotiveforce(pressureofthe

lightwave,seeSec.2.1.1)ofthelaserpulseandformasheathsurroundingthe

ions,whichremainimmobileduetotheheavymass. Acavityvoidofelec-

tronsisthereforesetupbehindthelaserpulse.Theresultingcavity,termed

as’wake’or’bubble’,travelswiththelightpulseataphasevelocitycloseto

thespeedoflight.Itisworthwhilementioningthatinplasma-basedwakefield

acceleration,aregimewhichinvolvesthecompleteexpulsionoftheplasma

electronsfromsomeregionabouttheaxisbehindthedriveriscommonlyre-

ferredtoasabubbleorblowoutregime.Insidethewakeinthebubbleregime,

thelongitudinalelectricfieldcanreachamagnitudeontheorderof100’sof

GeV/m,whichisabletoaccelerateelectronstostronglyrelativisticenergiesin

veryshortdistances.
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Figure2.1:Schematicdiagramshowingtheprocessoflaserwakefieldacceler-
ation.

Duetothecoulombforcefromthespacecharge,electronsfromthesheath

willbeacceleratedbacktoaxisatthetailofthewakeandsomeoftheelec-

tronscanbeinjectedintothewakeiftheygainsufficientenergytocatchup

withthewakebeforeslippingintothedecelerationphase[31].Loadingofthe

injectedelectronsintothewakeweakensthewakefieldamplitude(beamload-

ing),reducingthefieldgradientbelowtheinjectionthresholdandconsequently

terminatingtheinjection,thusproducingagroupofmonoenergeticelectrons.

Theinjectedelectronscanbeaccelerateduntiltheyoverrunthewake,after

whichelectronswillexperiencedecelerationandloseenergyaccordingly.This

processiscommonlyreferredtoaselectrondephasingandthecorresponding

accelerationdistanceisdefinedasdephasinglength. Whiletravelinginside

theunderdenseplasma,thelaserpulseissubjecttoenergydissipationthatis

dominatedbyerosionofthepulseleadingedgeandenergyexpendedinthe

plasmawakesformation[32]. Asaresult,thelaserwillcompletelydepletein

energyafterpropagatingacertainlength,namelythepumpdepletionlength,

andcan’tdrivethewakefieldanylongerafterthislength.Therequiredinten-

sitytodrivethewakefieldsisachievedbytightfocusingofthehighpowerlaser
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pulseandsubsequentrelativisticselffocusingofthelaserpulse.However,the

leadingedgeofthelaserpulsetendstodiffractmorerapidlybeforetheself

focusingsetsin,leadingtocontinuouserosionoftheleadingedgeofthepulse,

whichwillslowlyreducethelaserintensitysoastoterminatethedrivingofthe

bubble.Fortunately,theself-focusingofthelaserpulsethattakesplaceduring

thepropagationcancelsouttheinherentdiffractioneffectforthemajorityof

thelaserpulselength,allowingthelaserpulsetotravelmanyRayleighlengths

withhighintensity. Thisnonlinearprocessisreferredtoasself-guidingand

playsasignificantroleinachievinghighenergyelectronsfortheLWFAscheme.

Asdescribedabove,LWFAinvolvesanumberofnonlinearphenomenathat

caneffecttheelectronaccelerationandcandeterminethecharacteristicsof

thefinalelectronbunchsuchasthepeakenergy,beamdivergenceandthe

monochromaticity.Therefore,itisvitaltounderstandtheunderlyingphysics

ofthesenonlinearprocesses.

2.1.1 PonderomotiveForce

Lightwaveshaveradiationpressure.Ingeneral,thispressureissoweakas

tobedifficulttomeasure. However,inthehighlaserintensityregime,this

pressurebecomessubstantialandwhenappliedtotheplasmacantransformto

astrongnonlinearforce,knownasPonderomotiveforce(PMF)[33],thatcan

coupletotheparticles.

Toderivethisnonlinearforce,westartwiththeequationofmotionforan

electroninthepresenceofoscillatingEandBfieldsofawave[33]:

m
dv

dt
=−e[E(r)+v×B(r)] (2.1)

Accordingtothelineartheory,dependentvariablescanbedecomposedinto

twoparts,anequilibriumpartindicatedbyasubscript0andaperturbation

partindicatedbyasubscript1:E=E0+E1,B=B0+B1,v=v0+v1.
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Intheequilibriumstate,wecanassumetheelectronisatrestandtheEand

Bfieldsareabsent,therefore,onecanhave:E0=0,B0=0andv0=0.

Apparently,thenonlinearityonlycomesfromtheperturbations,i.e.:v1×B1

andE1sincealloftheequilibriumpartsvanish.Sincetheperturbationsare

smallinamplitude,anytermscontaininghigherpowerthantheproductoftwo

perturbationquantitieswillbeneglected.

Assumeawaveelectricfieldtakingtheformof:

E=Es(r)cosωt (2.2)

whereEs(r)containsthespatialdependence. Tofirstorder,wemayneglect

thev×BterminEqn.2.1andevaluatetheEattheinitialpositionr0. We

have

m
dv1
dt
=−eE(r0) (2.3)

v1=−(e/mω)Essinωt=dr1/dt (2.4)

r1=(e/mω
2)Escosωt (2.5)

Goingtosecondorder,weexpandE(r)aboutr0inTylerseries:

E(r)=E(r0)+((r−r0)·∇)E|r=r0+... (2.6)

where((r−r0)·∇)E|r=r0=E1,andr−r0=r1.Andnowwehavetoaccount

forthecrossterminEqn.(2.1),v1×B1,andB1isgivenbyMaxwell’sequation:

∇×E=−∂B/∂t (2.7)

B1=−(1/ω)∇×Es|r=r0 sinωt (2.8)

Consideringthecontributiononlyfromtheperturbation,Eqn.(2.1)canbe
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recastas:

m
dv1
dt
=−e[((r−r0)·∇)E+v1×B1] (2.9)

SubstitutingEqns.2.4,2.5and2.8intotheaboveequationandaveragingover

time,onecanget:

fNL=m
dv1
dt

=−
1

2

e2

mω2
[(Es·∇)Es+Es×(∇×Es)] (2.10)

where representsthetimeaveragingoperator. Theprefactorof1
2
comes

fromtheequality:sin2ωt = cos2ωt =1/2.Applyingtheidentityofcross

productofa×(b×c)=b(a·c)−c(a·b)totheaboveequation,theterm

(Es·∇)Eswillvanish,andwhatremainsis:

fNL=−
1

2

e2

mω2
∇ E2s(r)

=−
1

4

e2

mω2
∇E2s

Here,anotherfactorof1/2comesinbecauseoftheindependentvariabler,

whichisacosinefunctionoftime. Thisistheeffectivenonlinearforcethat

isexertedonasingleelectron. Bymultiplyingthisforcewiththeelectron

densityne,whichcanbewrittenintermsofplasmaangularfrequencyofωp,

aswellasusingtheequalityofE2s=2 E
2,onecanachievetheformulaof

ponderomotiveforceinunitofN/m3:

FNL=−
ω2p
ω2
∇

0E
2

2
(2.11)

Fromtheaboveequation,onecantellthatponderomotiveforceisaresultof

spatialgradientofthelaserintensity,therefore,itexistsinboththetransverse

andlongitudinaldirectionswhenlaserpropagatesinaplasma.Inthecaseof

underdenseplasma,transversely,thisforcetendstopushtheelectronsaway

fromhighintensityarea,whereas,longitudinally,thisforcesnowplowsthe
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electronsforward,forminganarrowplasmadensityspikethatinturncan

erodetheleadingedgeofthelaserpulse.

Afterfurtherderivation,onecangettheradiationpressureppmfresulting

fromthePMFasafunctionoflaserpeakintensityIp,whichisgivenby:

ppmf=
1

2

Ip
c

(2.12)

Forinstance,givenanultrahighlaserintensityontheorderof1018W/cm2,the

aboveequationgivesaradiationpressureashighas108atmospheres,whichis

approximatelytwoordersofmagnitudehigherthanthepressureinthecoreof

theearth.

2.1.2 Self-guiding

Tomaintainthestronglongitudinalfieldoverdistancesrequiredtoachieve

highlyenergeticelectrons,thelasermustbesustainedatultra-highintensity

overseveralRayleighlengths. Thisrequirementforsustainedhighlaserin-

tensitycanbesatisfiedbytheself-guidingofthelaserpulseitselfwherethe

inherentdiffractionisbalancedbytheself-focusingofthelaserpulse.Self-

focusingoccursintherelativisticregimeduetoanincreaseinrefractiveindex

oftheplasmawithintensityduetotherelativisticincreaseintheelectronmass.

Athresholdpowerforselffocusingtobalancediffractionisgivenbythecritical

powerPc,whichisgivenby:

Pc(GW)=17
ω20
ω2p
=17

nc
ne

(2.13)

whereω0isthelaserangularfrequencyinvacuum,ωpistheplasmafrequency,

givenbyωp= nee2/(me0),neistheplasmadensityandncisthecritical

densityfortheincidentlaserfrequencyasgiveninEqn.1.1.

AlaserbeamcanbeapproximatedbyaGaussianprofileinwhichthetrans-
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verseelectricfieldorintensitydistributionsaregivenbyGaussianfunctions.

WhenaGaussianbeamisfocusedbyalens,atthefocalposition,theintensity

distributionisgivenbyI(r)=I0e
−2r2/W20,whereI0isthepeakintensity,r

istheradialdistancefromthecenteraxisofthebeamandW0isthefocal

spotradiusatwhichtheintensitydropsto1/e2ofthepeakvalue.InLWFA,a

stableself-guidingofthelaserpulseisachievedwhentheself-focusedlaserspot

size,W0,matcheswiththebubbleradius,Rb,bytheapproximaterelation[34]:

W0∼Rb=
2
√
a0
kp
∝n−1/2e (2.14)

wherea0isthelasernormalizedvectorasgivenbyEqn.1.2,kpistheplasma

propagationconstantgivenbykp=2π/λp,andλpistheplasmawavelength.

2.1.3 WavebreakingandSelf-Injection

Aspreviouslymentioned,theadvantageofplasma-basedaccelerationisthat

plasmasarecapableofsupportinglargeamplitudeelectrostaticwaveswith

phasevelocitiesclosetothespeedoflight.Themaximumelectricfieldstrength

isreachedwhenalltheplasmaelectronsareoscillatingwiththesamewave

numberkp=ωp/c,whereωpistheplasmafrequency.Inthelinearregime

(a<1),theplasmawavesareassumedsinusoidal,andthemaximumfield

strengthisgivenby:

EWB0[V/cm]=cmeωp/e 0.96 ne(cm−3) (2.15)

whichisknownasthecoldnonrelativisticwavebreakingfield[35].Thewave-

breakinglimitisreachedwhenthelocalfluidvelocityinthewaveequalsthe

wavevelocityandparticlescanstarttobetrappedandacceleratedbythewave.

Themostfamiliaranalogytothewavebreakingisthebreakingofwatersurface

wavesonacoastline. Whenawavereachesthecoast,itswavecreststeepensas
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theamplitudeincreasesduetothehorizontalcomponentofthefluidvelocity

associatedwiththewavemotion.Astheamplitudereachestothepointthat

thewavecrestoverrunsthewave,thewavestartstospillforwardorthewave

startstobreak.

Inthenonlinearregime,themaximumelectricfieldcouldbepotentially

higherduetotheadditionalnonlinearbehavioroftheplasmawaves.Inthe

one-dimensionalnonlinearregime(a0>1),themaximumamplitudeofasingle

periodplasmawaveisgivenby[36]:

EWB =
√
2(γp−1)

1/2EWB0 (2.16)

whichisreferredtoasthecoldrelativisticwavebreakingfield,whereγp=(1−

υ2p/c
2)−1/2istherelativisticLorentzfactorassociatedwiththephasevelocity

υpoftheplasmawave.Inthethree-dimensionalnonlinearregime(a0>2),

thismaximumamplitudediffersandisapproximatedasEmax
√
a0EWB0

[34]. Forinstance,giventhecurrentlyavailableultra-highpowerlasersand

largenumericalaperturefocusingoptics,a0canreachashighas10[18],which

givesEmax 3EWB0.

Whentheplasmawavesareexcitedfarbeyondthewavebreakinglimit,the

wavestructureisdestroyedandalargeamountofchargecanbeaccelerated

tohighenergybutwithabroadenergyspread.However,withappropriately

shapedlaserpulses,thisnormallycatastrophicprocessofwavebreakingcanbe

tamedtoproducehighqualitybeamsofelectrons. Whathappensisthatwhen

thewaveisclosetothewavebreakinglimit,someelectronsfromtheelectron

sheathcanbetrappedintothewakewithoutdestroyingthewavestructure.

Thistrappingprocesstakesplaceatthetailofthebubbleandisnormally

referredtoasself-trappingorself-injection. Fortheself-injectiontooccur,

electronsatthetailofthebubblemustbeabletocatchupwiththewake.For

thistohappen,thefollowingphysicalconditionshavetobesatisfied[34]:
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•thebubbleradiusislargeenough.Thisprovidessufficientdistanceforthe

electronsthatdriftbackwardonthesheathtogainenoughlongitudinal

momentumtomoveintheforwarddirectionwithaspeedclosetothe

speedoflightbythetimetheyreachthetailofthebubble. Notethat

theelectronsinthesheathareacceleratedbythebubblefields.

•thetrajectoryofcrossingelectronbeamscreatedbythelaserpondero-

motiveforcegivesbirthtoanarrowsheathattherearpartoftheion

channelwiththehighestacceleratingandfocusingfields.

Todate,anumberofexperimentalandtheoreticalstudieshavebeencon-

ductedtofullyunderstandthedynamicsofthisself-injectionprocess[34,37,

38,39,40,41]. Manyoftheexperimentsandsimulationsconsistentlyshow

thatitrequireslaserintensitya0ofapproximately3-4toreachthethreshold

ofself-injection[34,38,39].Basedonthesizematchingconditionrequiredfor

self-guidedpropagationasshowninEqn.2.14,onecanfindthatthisthreshold

intensitya0>(3−4)isequivalenttostatingthattheminimumnormalized

bubblesize(kpRb)forself-injectionis(kpRb)min ∼(3.5−4),independentof

plasmadensity.

Incontrast,arecentpaperthatanalyticallystudiedtheelectrontrajecto-

riesinaplasmabubblederivedanapproximatethresholdequationforself-

injectioninwhichtheminimumnormalizedbubblesize(kpRb)isdependenton

theplasmadensityandisgivenby[40]:

kpRb>2 ln(2γ2p)−1 (2.17)

whereγp
1√
3
ω0/ωp[32]istheLorentzfactorassociatedwiththephasevelocity

ofthebubbleinthe3Dnonlinearregime. Equation2.17wasobtainedby

solvingforthetrappingconditioninwhichthemaximumdistanceanelectron

slipsbackrelativetothebubblecenterisshorterthanthebubbleradius.Based

onthisequation, Manglesetal.derivedananalyticalmodelthatfindsthe
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plasmadensitythresholdforself-injectionbyusingtherelationbetweenthe

bubbleradiusandthelaserpulseenergyandduration,kpRb=2
√
2(αE/τPc)

1/6

[34],whereαisthefractionoftheenergycontainedintheFWHMofthelaser

focalspot,Eisthetotalenergyofthelaserpulse,Pcisthecriticalpowerfor

self-focusing,τisthelaserpulseduration.Thefinalexpressionoftheplasma

densitythresholdforself-injectiontakestheformof[37]:

αE>8Pc[ln(
2nc
3ne
)−1]3τ(l) (2.18)

whereτ(l)isthepulsedurationafterapropagationlengthlandisgivenby

τ(l) τ0−(nel)/(2cnc),whereτ0istheoriginalpulsedurationofthelaser

beforeinteractingwiththeplasma.Apparently,thismodelrequirestheknowl-

edgeofinitiallaserpulseenergy,laserpulsedurationandplasmainteraction

lengthtopredictthedensitythreshold.Togiveanexample,givenαE=1J,

fora30fsand800nmlaserpulse,thismodelpredictsadensitythresholdfor

self-injectionof∼7×1018cm−3foraneffectivelaserplasmainteractionlength

of2mm.

2.1.4 IonizationInjection

Thedrawbackofself-injectionistherelativelyhighlaserintensity(a0>3−4)

thatisrequiredtoinitiatetheinjection,increasingthedifficultyofachieving

highenergyelectrons. Howeverthisintensitythresholdcanbereducedto

a0> 1.6[31,42]whenusingtheionizationinjectionapproachinstead,in

whichinjectionreliesontunnelionizationoftheinnershellelectronsbythe

mostintensepartofthelaserfield. Notethattunnelionizationisaprocess

inwhichboundelectronsescapetheatomicpotentialbarrierholdingthemto

thenucleusduetosuppressionbythestrongelectricfieldofalaserpulse.The

thresholdlaserintensityorappearanceintensityforonsetoftunnelionization
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Table2.1:AppearanceIntensitiesofselectedionsfortunnelionizationaccord-
ingtoEqn.2.19.

Ion Eion(eV) Iapp(W/cm
2)

He+ 24.59 1.46×1015

He2+ 54.42 8.77×1015

N5+ 97.9 1.47×1016

N6+ 552.1 1.03×1019

N7+ 667.0 1.62×1019

O6+ 138.1 4.04×1016

O7+ 739.3 2.44×1019

O8+ 871.4 3.60×1019

isgivenby[43]:

Iapp(W/cm
2) 4×109(

Eion
eV
)4Z−2 (2.19)

whereEionistheionizationpotentialoftheionoratomwithcharge(Z-1).

Forconvenience,wetabulatedthethresholdlaserintensitiesforafewionsof

interestinlaserwakefieldaccelerationexperiments,asshowninTable2.1.

Inionizationinjection,atomswithlargedifferenceintheionizationpoten-

tialbetweenouterandinnershellelectrons,forinstancenitrogenandoxygen

asindicatedinTable2.1,areintroducedastheinteractionmediuminsteadof

uniformlyionizedatomslikeHeandH2thatareusedinself-injection. The

outershellelectrons(forexampleN1+toN5+)areionizedbytheleadingedge

oflaserandaresubsequentlyexpelledbythelaserponderomotiveforcetoform

theelectronsheath. Whereastheinnershellelectrons(N6+andN7+)residing

inthewakecreatedbytheoutershellelectronsareonlyionizedbythepeak

oflaser.Theseinnershellelectronsthatareborninsidethewakeareinitially

atrest.Asaresult,intheframeofthelaserpulse,theyslipbackbutsimul-

taneouslyfeeltheestablishedlongitudinalfieldandPonderomotivefieldand

thereforegainenergy.Oncetheygainenoughenergytoreachthephaseveloc-

ityofthewake,theywillturnaroundandmoveintheforwarddirectionwith
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respecttothewakeandwillbeacceleratedtohigherenergy.Becauseofthe

netpotentialdifferencebetweenthebubbleedgeanditsinterior,theseinjected

electronsarebornwithahigherinitialpotentialenergycomparedwiththeir

counterpartsintheself-injectionscheme,thusrequiringlessintensitytoinject

themintothewake.

2.1.5 MaximumEnergyGain

Oncetheelectronsareinjectedintothebubbleeitherthroughself-injectionor

ionizationinjection,theywillbeacceleratedbythelongitudinalelectricfield

untiltheycrossthemiddleofthebubble,afterwhichtheywillbeoutofphase

withthewakeandstarttodecelerate.Thedistancethatelectronstraveluntil

theybecomeoutofphasewiththewakeiscalledthedephasinglength,Ld,

whichisgivenby[34]:

Ld∼=
4

3

ω20
ω2p

√
a0
kp
=
4

3

nc
ne

√
a0
kp

(2.20)

whereωpistheplasmafrequency,kpisthepropagationconstantoftheplasma

wave,neisplasmadensityanda0isthelasernormalizedamplitude.Asprevi-

ouslymentioned,thelaserpulseissubjecttoenergydissipationthatisdom-

inatedbyerosionofthepulseleadingedgeandtheplasmawakeformation

duringpropagationinsidetheplasma.Inotherwords,thelaserpulsewillbe

depletedaftersomedistance,whichiscalledthepumpdepletionlength,given

by[34]:

Lpd
ω20
ω2p
cτFWHM (2.21)

whereτFWHMisthelaserpulsedurationatFWHM.

Whereelectronaccelerationisdominatedbythedephasinglength,themax-

imumenergygainissimplytheproductofthedephasinglengthandtheaver-

agelongitudinalelectricfieldinsidethewake. Thepeaklongitudinalelec-

tricfieldinsidea3Dnonliearwakeis[34]Ez,max(V/m) =mcωp
√
a0/e=
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96 ne(cm−3)
√
a0,andbecausethewakefieldisroughlylinear,theaverage

wakefieldishalfoftheEz,max,i.e.:ELW(V/m)=48 ne(cm−3)
√
a0. Under

thelaserself-guidingcondition,thepeakintensityreachesastationaryvalue

givingalasernormalizedamplitudeof[34]:

a0 2(P/Pc)
1/3 (2.22)

wherePisthelaserpowerandPcisthecriticalpowerasgivenbyEqn.2.13.

BymultiplyingthedephasinglengthLdwiththeaveragewakefieldELW and

replacinga0withEqn.2.22,onewillachievethefollowingequationforthe

maximumenergygain[34]:

∆Emax(GeV)∼=1.7(
P[TW]

100
)1/3(

1018

ne[cm−3]
)2/3(

0.8

λ0[µm]
)4/3 (2.23)

whereP[TW]islaserpowerinTW,neistheelectrondensityincm
−3andλ0

isthelaserwavelengthinµm.Foragivenlaserwavelength,themaximumen-

ergygainincreaseswiththelaserpowerbutdecreaseswiththeelectrondensity,

whichinpartisduetothefactthatthedepahsinglengthbecomesshorterwith

increasingdensity.Normally,formostoftheLWFAexperiments,Ti:sapphire

laserswithacentralwavelengthof0.8µmwereemployed.Thereforethede-

pendencyonthewavelengthinthelasttermisnormallyneglected.However,

itisclearthatshorterwavelengthsshouldleadtohigherenergies.

Sofar,alargenumberofLWFAexperimentshavedemonstratedtheproduc-

tionofmonoenergeticelectronbeamsusingbothself-injection[18,19,37,44,

45,46,47,48]andionization-inducedinjection[20,31,49,50,51].Asummary

ofthemeasuredpeakelectronenergiesreportedintheliteratureisplottedin

Fig.2.2againstthepredictedpeakenergiesgivenbyEqn.2.23.Themeasured

energiesincludetheresultsfrombothself-injectionandionizationinjection

schemes.Asindicated,mostoftheexperimentalresultsagreereasonablywell

withthepredictedenergiesfromthescalinglaw,Eqn.2.23,regardlessofinjec-
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tionscheme. Howevertherearesomecaseswheretheexperimentsobserved

energiesmorethandoubleofthepredictedones.Furthermore,electronswith

energiesinGeVlevelhavebeenroutinelyachievedbymanyresearchgroups

usingbothself-injectionandionizationinjectionschemes.Itisencouraging

topointoutthatthemaximumpeakelectronenergiesachievedtodatehave

reachedashighas2GeV,whichwasrecentlyreportedbytheresearchgroup

atUniversityofTexasatAustin[18]and4GeVbytheresearchgroupat

UniversityofCaliforniaatBerkeley[19]usingPetawatt-classlasers. Withthe

continuingadvancementofthehighpowerlasertechnologyseentoday,these

recordswillbecertainlybrokeninthenearfuture.

2.1.6 BeamLoading

Relativisticchargedparticlessuchaselectronsmovingthroughplasmacanex-

citewakefieldsinafashionsimilartothatofanintenselaserpulse.Thisprocess

isnormallyreferredtoasplasmawakefieldacceleration(PWFA)[52],andis

commonlyusedinexperimentscarriedoutattheStanfordLinearAccelerator

Center(SLAC)usingGeVelectronbeamstodrivenonlinearplasmawaves[53].

Foralaserdriver,thewakeisinitiatedbytheponderomotiveforceofthelaser

pulsewhichexpelstheelectrons,whereasforarelativisticelectronbunch,the

plasmawakeisexcitedbythecoulombforceoftherelativisticelectronbunch.

Inaplasma-basedaccelerator,thewakeresultingfromtheacceleratedbunch

isoutofphasewiththatisexcitedbythedriverbeam,thereforecausingan

adverseeffectontheoriginalwake.Theprocessbywhichthewakeproduced

fromtheacceleratedbunchsignificantlyinterfereswiththefieldoftheorigi-

nalwakefromthedriverbunchiscalledbeamloading[12].Beamloadingis

aninevitableprocessinplasma-basedacceleratorsandcanlargelyaffectthe

characteristicsoftheacceleratedparticlebunch,suchasthetotalchargeand

energyspread,andthereforetheefficiencyoftheplasma-basedaccelerators.

Tobeabletoexciteaplasmawave,thelengthoftheelectronbunchhasto
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besmallenoughandsatisfythecondition:kpσz≤1[12],whereσzisthebunch

length.Inthelinearregime,theissueofbeamloadingcanbeaddressedby

assumingthefinalacceleratingfieldisalinearsuperpositionofthewakefield

generatedbythetrailingbunchwiththatofthedriverbunch[54].Themaxi-

mumnumberofloadedbeamelectronsorbeamloadinglimitwasevaluatedby

findingthenumberoftheelectronsrequiredtoproduceawakefieldthatwill

cancelouttheacceleratingfield,whichisgivenby:

Nmax 5×105 ne(cm−3)Ab(cm
2)
Ez
E0

(2.24)

assumingkpσz<1andEz/E0<1,whereE0isthecoldnonrelativisticwave

breakingfieldasgiveninEqn.2.15,Ezisthelongitudinalelectricfield,ne

isthebackgroundplasmadensityincm−3andAbisthecross-sectionalarea

ofthebunchincm−2. ForanultrashortunshapedbunchthatcontainsN

electrons,thewake-inducedenergyspreadscalesasN/Nmax andtheefficiency

ofconvertingwakeenergytoacceleratedelectronenergyscalesasN/Nmax(2−

N/Nmax). AsNapproachesNmax,theefficiencyapproaches100%butatthe

sametimetheenergyspreadapproaches100%aswell. Therefore,thereis

atrade-offbetweentheefficiencyandtheenergyspreadfortheaccelerated

electronbunchthatisconstrainedbythebeamloadingeffect.

Thebeamloadingeffecthasbeenstudiedforplasma-basedwakefieldsin

thenonlinear3Dbubbleregime[55,56].Particularly,inRef.[56],atheoretical

modelonhowthebeamloadingdevelopsinanonlinear3Dbubbleregimewas

establishedanddescribedingreatdetail. Thismodelisgeneralizedandis

applicabletolaserdrivenwakefieldacceleration.Ananalyticalsolutionforthe

beamloadedchargewasderivedandisgivenby:

Q(nC) 0.047(
eEz
mcωp

)−1
1016cm−3

ne
(kpRb)

4 (2.25)
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whereEzistheaxialelectricfieldatthepositionwherethebeamloadingstarts.

Thisequationalsoillustratesthetrade-offbetweenthenumberofparticlesthat

canbeacceleratedandtheacceleratinggradient.Foralaserwakefieldaccel-

erator,assumingmatched-beam,self-guidedlaserpropagation,kpRb=4to

ensureoperationabovetheself-injectionthresholdandne=5×10
18cm−3,

andchoosing eEz
mcωp

= kpRb
2
=2[34],onecanobtainQ 0.3nC. Notethat

thebunchprofileusedinderivingtheEqn.2.25wasoptimizedtobetrape-

zoidal(highchargeinfront),providingaconstantaxialfieldacrossthebunch

tominimizetheenergyspreadincontrasttothatofthe1Dlinearwakecase

wheretheaxialfieldscaleswithN/Nmax foranunshapedbunch. Therefore,

aloadedbeambunchwithatrapezoidalshapeisfavorableforachievinghigh

beam-loadingefficiencywhileminimizingenergyspread. Whiletheshapeof

theacceleratedbeambunchcannotbecontrolledatwill,itispossibletomin-

imizebeamenergyspreadbyinjectingadriverparticlebunchwithaninitial

energychirporusingamonoenergetictrapezoidalbunchtocompensatefor

themodifiedaxialfieldsfromthebeamloadingeffect[56].Technically,shaping

theinjectedbunchtoatrapezoidalshapeisrelativelyeasytoimplementand

isthereforeacommontechniquetoachievehighbeam-loadingefficiencyfor

plasmawakefieldaccelerationexperiments[57].

2.2 BetatronRadiation

Thelaserinducedwakefieldnotonlyprovidesalargelongitudinalfieldona

compactscaleforacceleratingelectrons,butitalsooffersanidealsystemfor

producingsynchrotron-likeX-rayradiation.

Recallthatintheprocessoflaserwakefieldacceleration,thehighintensity

laserpulsetravelinginanunderdenseplasmaexpelstheplasmaelectronsfrom

thepropagationaxisthroughtheponderomotiveforce,leavingbehindapos-

itivelychargedbubblevoidofelectrons.Electronsfromtheperimeterofthe
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bubblecanbeinjectedintothebubbleandbeacceleratedtohighlyrelativistic

energiesbythestrongaxialelectricfield.Ifinjectedoffaxis,thetrappedelec-

tronsfeelatransversalfocusingforcefromthespacechargeinadditiontothe

strongaxialE-field.Becauseofthetransversalfocusingforce,theelectronsun-

dergobetatronoscillationswhiletheyareacceleratinginsidethecavity[21,58].

Theoscillationmotionoftheelectroninthecavityisgivenby[59]:

dp

dt
=−mω2p

r⊥
2
+α
mcωp
e
uz=F⊥+F (2.26)

wherepistherelativisticmomentumoftheelectron,mistheelectronmass

atrest,cisthespeedoflight,ωpistheplasmafrequency,r⊥isthetransverse

positionoftheelectronanduzistheunitvectorintheaxialdirectionz.The

termF⊥ isthelinearrestoringforcethatdrivesthetransverseoscillationof

theelectronandthetermF isresponsiblefortheelectronaccelerationin

thelongitudinaldirection.αisthefactortoaccountforthedifferenceofthe

longitudinalE-fieldstrengthindifferentregimes,e.g.inthe3Dbubbleregime,

α=
√
ao/2[34].

2.2.1 EmissionSpectrum

Duetoitsrelativisticmotion,theelectronemitssynchrotron-likeradiation,so

calledbetatronradiation,thatisrelatedtotheelectrontrajectoryasdescribed

inEqn.2.26.Theenergyspectrumoftheradiationbyasingleelectronfollowing

anoscillatorytrajectoryr(t)withanormalizedvelocityβ(t)isgivenby[58]:

d2I

dωdΩ
=
e2ω2

4π2c
|

T/2

−T/2

dt[n×(n×β)]exp[iω(t−n·r/c)]|2 (2.27)

whered2I/dωdΩistheenergyradiatedperfrequencyωpersolidangleΩ,dur-

ingthetimeT,andnistheunitvectorpointinginthedirectionofobservation.

Theresultantradiationspectrumfromtheoscillatingelectronischaracterized
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bythebetatronstrengthparameter[59],whichreads

K=γrβωβ/c=1.33×10
−10 γne[cm−3]rβ[µm] (2.28)

whereγistherelativisticLorentzfactoroftheelectron,rβistheamplitudeof

theelectronoscillation,ωβisthebetatronoscillationfrequencythatisgiven

byωβ=ωp/
√
2γ,cisthespeedoflightandneistheplasmadensity.

ThestrengthparameterKiscorrelatedwiththespectralcharacteristicsof

theradiation. ForthehighlyrelativisticelectronsgeneratedbyLWFA,the

rangeofinterestforthestrengthparameterisKmuchlargerthanunitywhere

theplasmaactslikeawigglerandnumeroushighharmonicsareproduced

leadingtoabroadbandspectrum.Theon-axisspectralintensitycausedbya

singleelectroncanbedescribedbythesynchrotronradiationfunction[60,61]:

dI

dE
∼=
1

4π0

√
3
e2

c
γ
E

Ec

∞

ξ

K5/3(ξ)dξ (2.29)

whereξ=E/Ec,andEc(keV)∼=5×10
−24γ2ne(cm

−3)rβ(µm)isthecritical

energy[59]. HalfoftheenergywillberadiatedbelowEcandhalfaboveEc.

K5/3isamodifiedBesselfunctionofthesecondkind.Becauseofthestrongly

relativisticmotionoftheelectrons,thebetatronradiationisconfinedtoa

narrowconewithhalfopeningangleofθ K/γ.Fig.2.3plotsthebetatron

spectralintensityasafunctionofE/EcaccordingtoEqn.2.29.Twothingscan

befoundfromthegraph.Firstly,thebetatronspectrumhasabroadbandwidth

thatextendsafewtimesEc.Experimentally,betatronradiationuptoafew

hundredsofkeVhasbeenobserved[62].Secondly,thespectralintensitypeaks

around0.3Ec,afterwhichtheintensitydropsexponentially.
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Figure2.3:TypicalspectrumofbetatronradiationaccordingtoEqn.2.29.

2.2.2 EmissionBrightness

ThetotalnumberofphotonsNph,withmeanenergyofEc,radiatedbyNe

electronsthatundergobetatronoscillationsinsidethewake,isestimatedtobe

[63]:

Nph Ne
2π

9

e2

c
N0K 5×10−3NeN0K (2.30)

whereN0isthenumberofbetatronoscillations. Thenumberofbetatron

oscillationsperformedbyanelectroninsidethewakecanbecalculatedasa

ratioofthetimeneededfortheelectrontopassthroughthebubbleandthe

periodofthebetatronoscillations,whichisgivenby:

N0
L/(c−υφ)

2π/ωβ
=

ω20L

3π
√
2γωpc

(2.31)

whereListhebubblelength,υφisthephasevelocityofthewake,whichis

givenbyυφ υg−υetch c[1−3ω2p/(2ω
2
0)]for3Dbubbleregime[34],where

υgandυetcharethegroupvelocityoflaserlightinunderdenseplasmaandthe

pulseetchingvelocityrespectively. UnliketheEquation81inRef.[63]where
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thephasevelocityofthewakewastreatedtobeequaltothegroupvelocity

ofthelaser,ourexpressionofN0ismoreappropriatefor3Dnonlinearbubble

regime.UsingthematchedbeamsizeconditionasshowninEqn.2.14,onecan

approximatethebubblelengthasL 4
√
a0/kp. Withthisapproximationand

kp=ωp/c,Eqn.2.31canberewrittenas:

N0

√
2a0

3π
√
γ
(
ω0
ωp
)2 (2.32)

Eqns.(2.30)and(2.32)canbeusedtoestimatedthetotalnumberofX-ray

photonsproducedfromBetatronradiation. TakingtheBetatronradiation

measurementsreportedinRef.[64]asanexample,theexperimentalconditions

werea0=4.7,ne 1×1019cm−3,λ=0.8µm,τL=30fs,themeasured

electronenergywasapproximately200 MeV,correspondingtoγ 391,the

chargeoftheelectronswasmeasuredtobeapproximately200pC,correspond-

ingtoNe 1.3×109andthemeasuredaveragebetatrondivergenceθ∼8.5

mrad,correspondingtoK∼3.3withK=θγfor200MeVelectrons.Based

ontheseparameters,fromEqn.2.32onecanobtainN0∼2.2.SubstitutingN0

andothernecessaryparametersintoEqn.2.30,onecangetthetotalemitted

photonnumberNph∼4.5×10
7,whichisincloseagreementwiththemeasure-

mentofaround5×107.Knowingthetotalphotonnumber,onecanestimate

thebrightnessatanyparticularenergyE,whichisgivenby:

BX(E) α(E)
∆E

E

Nph
τbθ2A2b

(2.33)

whereτbandAbarethepulsedurationandtheareaofthebetatronsource

respectively,α(E)isthefractionofthenumberofphotonswithinabandwidth

of∆EcenteredaroundtheenergyEoverthetotalnumberofphotonsemitted,

whichinprinciplecanbecalculatedbyEqn.2.29. AtE=Ec,α 0.4[63].

FromthebrightnessnumbergiveninRef.[64],onecanestimateBX ∼4×

1021photons/(smrad2mm20.1%BW)forX-raysataphotonenergyof30
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keV,whichisthemeasuredcriticalenergyinthatexperiment.Suchapeak

brightnessiscomparabletocurrentlyexistingthird-generationconventional

lightsourcessuchastheBESSYU-49beamlineinGermany,whichhasapeak

brightnessof∼5×1021photons/(smrad2mm20.1%BW)forphotonswith

energyof30keV[65].

2.2.3 PulseDuration

Inadditiontothenarrowbeamdivergenceandultrahighbrightness,another

strikingfeatureoftheBetatronradiationisitsultrashortpulseduration,on

theorderoffemtoseconds. Aswementionedpreviously,forlaserwakefield

acceleration,theinjectedelectronsinsidethecavityareacceleratedwithinthe

rearhalfofthebubblethathasaradiusofapproximatelyλp. Asaresult,

fordephasinglengthdominatedwakefieldacceleration,theelectronbunchis

mainlyconstrainedintherearhalfofthebubble.Therefore,onewouldexpect

theelectronbunchtobeultrashort,τ<λp/c,e.g.,adurationτ<30fsfor

np=10
19cm−3.Thissimplemindedestimationonthepulsedurationofthe

electronbunchwasjustifiedbytheexperimentdonebyLundhetal.[13],in

whichthepulsedurationoftheelectronbunchwasmeasuredtobeonthe

orderof1-2femtosecondsfornp=10
19cm−3usingthetechniqueofcoherent

radiationtransition.SincetheBetatronX-rayradiationisaresultofoscillation

ofelectronbunch,inprincipleitshouldhavethesametemporalprofileasthe

electronbunch,i.e.femtosecondpulseduration.

2.2.4 OtherProperties

OtherpropertiesoflaserwakefieldgeneratedBetatronradiationincludessmall

sourcesize,ontheorderofmicrons,andtemporalsynchronizationwiththe

laserpulse.Thesourcesizeofbetatronradiationcanbemeasuredusingthe

techniqueofFresneledgediffractioncausedbythespatialcoherencyofthe
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source. Measurementsusingthistechniqueshowedasourcesizeof∼1−2

µm[64,66].SinceelectronsemitX-raysincoherentlyinthebetatronmech-

anism,thesourcesizedeterminesthedegreeofspatialcoherence,thelength

ofwhichisgivenbyLc=λd/(2πwb),whereλistheX-raywavelength,dis

thedistancefromtheobjecttothesourceandwbisthesourcesize.Forin-

stance,inRef.[66],Lcwasfoundbetobe∼10µmfor10keVBetatronX-rays

andanobjectplacedat∼1mawayfromthesource. Therefore,betatron

X-rayradiationisasuitablesourceforphasecontrastimagingthatcanbe

usedinbiological,medicalandgeologicalstudies.Inaddition,thebetatron

radiationisintrinsicallysynchronizedtothelaserpulses,enablingpump-probe

applications.
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Chapter3

PhysicsofFastIgnition

Asanalternativeapproachtoinertialconfinementfusion(ICF),FastIgnition

isradicallydifferentfromthetraditionalapproachinthatitseparatesthefuel

ignitionfromthecompressionphase[5,67].FastIgnition(FI)isdesignedbased

onthefourphasesaspresentedinFig.3.1.FastIgnitioncanbeconsideredas

afourstageprocess.Firstofall,themillimeter-scalefuelpelletconsistingof

deuteriumandtritiumisimplodedasinthetraditionalwaytoproduceahigh-

densityconfigurationwithoutanignitionhotspot.Secondly,atthemoment

ofmaximumcompression,afirstshortlaserpulse(100’sps)withpowerof(0.1

-1.0)petawatt(1015W)isemployedtodrillachannelviatheponderomotive

forcethroughthecoronalplasmacomposedoftheablatedmaterialthatsur-

roundsthefuel. Thirdly,afterthechannelisformed,asecondshorterpulse

(20ps)withapowerof∼10pWisdirectedintothechannel,convertingpart

ofitsenergytohotorsuprathermalelectronsattherelativisticcriticaldensity

surface.Thesehotelectronspropagatethroughtherelativisticcriticaldensity

surfaceanddeposittheirenergyinthehighdensitycoreofthefusionpellet,

creatingahotspotwithahighenoughtemperaturetoignitefusionreactions.

Lastly,onceacriticalthresholddepositedenergyisreached,ignitionoccurs

andcausesathermalnuclearburnwavetopropagatethroughoutthewhole

compressedfuel.
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Figure3.1: ThefourphasesoftheFastIgnitionconcept.

ThesuccessoftheFIschemereliesontheconversionefficiencytohotelec-

tronsandtheelectronsourcecharacteristics.Theelectronsmustbeenergetic

enoughtopropagateintothemostcompressedpartsofthefuel,wherethe

densityrangesfrom200to400g/cm3. Meanwhile,toformahotspotsmall

enoughforsignificantheating,theenergydepositionmustbeconstrainedina

localspot,typicallyontheorderof20µmradius.Furthermore,theelectrons

musthavesufficientenergy,typicallyontheorderofMeV,topenetrateinto

thehighdensityfueltoheatittoanignitiontemperatureofapproximately10

keV.

3.1 IsobaricandIsochoric Models

Fig.3.2comparesthedensityandtemperatureprofilesofthecompressedfuel

producedinFIandtheconventionalcentralhotspot(CHS)ICFapproaches.In

theCHSscheme,thefuelundergoesisobaric(constantpressure)compression

bytheimplosion,resultingintwoparts,arelativelylowdensityandhigh

temperaturehotspot,surroundedbyahighdensityandlowtemperaturemain

fuel. Ontheotherhand,intheFIscheme,thefuelexperiencesisochoric
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Figure3.2: Densityandtemperatureprofilesofthecompressedfuelincon-
ventionalcentralhotspotICFandfastignitionschemes.

(constantdensity)compression,andthehotspotisformedinanoff-center

smallareaofthefuelheatedbyanexternalsource,i.e:hotelectronbeams

generatedbyultra-intenselaserpulses. Fastignitionpresentsmanydistinct

advantagesincomparisonwiththeCHSscheme,andoffersthepossibilityto

achieveignitionwithcurrenttechnologicalmeans.OneadvantageofFIisthat

thedensityandpressurerequirementsforthecompressedcorearelessthan

thoseforCHSignition,soinprinciplefastignitionwillallowlowercompression

laserenergyandsomerelaxationoftheneedtomaintainprecise,spherical

symmetryoftheimplodingfuelcapsule.Inaddition,FIprovidesanimproved

energygainhigherthanthatoftheCHSapproach.Thesetwomodels,isobaric

andisochoric,havebeenstudiedthrough2DnumericalsimulationsbyAtzeni

andhiscolleaguesinwhichenergyisinjectedintopre-compressedD-Tfuel[67].

Thesimulationsfoundthattheignitionenergyfromtheisochoricconfiguration

wasapproximately5timesgreaterthanthatforisobaricignition.
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3.2 IgnitionRequirements

Innuclearfusionresearch,theLawsoncriterionisanimportantgeneralmeasure

ofthesystemthatdefinestheconditionsneededforafusionreactortoreach

ignition. ThegeneralexpressionfortheLawsoncriterionisintheformof

productofdensitynandconfinementtimeτ,whichalsospecifiesthecondition

forD-Treactiontoresultinnetgenerationofenergy[29]:

nτ>1014s/cm3 (3.1)

However,ininertialconfinementfusion,sincetheconfinementtimeispropor-

tionaltothehotspotradius,itismoreusefultowritetheLawsoncriterion

inadifferentway,whichisrelatedtotheproductofthemassdensityρand

radiusRoftheignitionhotspot,socalledarealdensity.Lawsoncriterionin

thiscaseisgivenby:

ρR 0.4g/cm2 (3.2)

ForFIscheme,numerical2Dradiation-hydrodynamicmodelshavebeenusedto

describetheignitionprocesswithgoodaccuracy[67].Theworkhasestablished

theappropriateignitionconditionforfastignition,wherethearealdensityand

temperatureshouldsatisfy:

ρRh 0.5g/cm2 (3.3)

Th 10−12keV (3.4)

Where RhandTharetheradiusandtemperatureofthehotspot.Thenumer-

icalsimulationsalsofoundthethresholdvaluesofthedepositedbeamenergy,

powerandintensitytoreachignition,whichread:

Eig(kJ)=140(
ρ

100g/cm3
)−1.85, (3.5)
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Wig(W)=2.6×10
15(

ρ

100g/cm3
)−1, (3.6)

Iig(W/cm
2)=2.4×1019(

ρ

100g/cm3
)0.95. (3.7)

Thepulsedurationtbandtheradiusrbofthehotelectronbeamcanbederived

basedonthetworelationsEig=WigtbandWig=πr
2
bIig,whicharegivenby:

tb(ps)=54(
ρ

100g/cm3
)−0.85 (3.8)

rb(um)=60(
ρ

100g/cm3
)−0.97 (3.9)

Generally,acompresseddensityofroughly300g/cm3hasbeenrecog-

nizedasoptimumforfastignition. Substitutingtheoptimumdensityinto

Eqns.3.5to3.9,onecanobtainasetofminimumrequirementsforfastigni-

tion:Eig 18.3kJ,Wig 8.7×1014W,Iig 6.8×1019W/cm2,tb 21.2ps

andrb 20.7µm.Tomatchtheminimumarealdensityof0.5g/cm2forthe

hotspotrequiredforignition,onewouldexpectthehotelectronbunchhave

apenetrationdepthofthesameorderof0.5g/cm2insidethecompressedDT

fuel.Suchapenetrationdepthcanbeobtainedbyrelativisticelectronswith

energyofapproximately1MeV[68]. Therefore,infastignitionscheme,hot

electronswithenergyontheorderof1MeVareofmostinterestincreating

thenecessaryhotspottoinitiatetheignition.

3.3 Collisionlessabsorption

Energytransferfromthelaserpulsetohotelectronsforfastignitioninvolves

anumberoflaserabsorptionmechanismsthatoccurnearthecriticaldensity.

Hereonlycollisionlessabsorptionmechanismssuchasresonanceabsorption,

vacuumheatingandJ×Bheatingareintroducedsincecollisionabsorption

becomesineffectiveinhightemperatureplasmageneratedbylaserpulseswith

intensitiesabove1015W/cm2[43,69].
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3.3.1 ResonanceAbsorption

Resonanceabsorptionoccurswhenplasmaoscillationsareexcitedatthecrit-

icaldensityregionwhenanobliquelyp-polarizedlightwaveimpingesona

plasmadensitygradient[70].Forp-polarizedlight,theelectricfieldoscillates

intheplaneofincidence.Inthiscase,acomponentofelectricfieldliesinthe

directionofthedensitygradient,i.e.:E·n=0.Asaresult,thiselectricfield

componenttunnelsthroughtothecriticaldensityfromthelowerdensityregion

wherethelightturnsaroundandisreflected.Theelectronsoscillatealongthe

densitygradientdirection,thusbuildinguparesonantelectronplasmawave(at

thecriticaldensity,theplasmafrequencyisresonantwiththelaserfrequency).

However,fors-polarizedlight,sincetheelectricfieldisperpendiculartothe

planeofincidence(E· n=0),thereisnocouplingbetweentheelectromag-

neticwaveandthelongitudinalelectronplasmawave.Fractionalabsorptionof

theincidentlightwaveduetotheresonanceabsorptiondependsonavariable

givenbyτ=(ωL/c)2/3sin2θ,whereωisthelaserfrequencyinvacuum,Lis

theplasmascalelength,cisthelightspeedandθistheangleofincidence

ofthelightwave. Detailednumericalcalculationsforalineardensityprofile

demonstratedthatapeakabsorptionof∼0.5canbeachievedatanoptimum

angleofincidencegivenbyτ∼0.6[71].Forexamplefor45oangleofincidence,

thiswouldcorrespondtoadensityscalelengthof0.2λ0,whereλ0isthevacuum

wavelengthoftheincidentlight. Theabsorbedenergywillcontributetothe

suprathemaltailoftheelectronvelocitydistributionfunction[70,71].

3.3.2 VacuumHeating

Resonanceabsorptionbreaksdowninaverysteepdensitygradientsincethe

oscillationamplitudeoftheelectronplasmawavenearthecriticaldensityis

longerthantheplasmascalelength.Inthiscase,anotherabsorptionmecha-

nismnamedvacuumheatingorBrunelheatingcomesintoplay.[72]Todescribe
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thevacuumheating,weconsideracasewiththeplasmascalelengthapproach-

ingzero,e.g.asharpplasma-vacuuminterface,inwhichtheelectronswithina

skindepthneartheedgeofthematerialwillbedirectlyexposedtotheelectric

field.Athermalelectronarrivingneartheinterfaceattherightmomentwith

respecttothelasercyclewillbepulledoutstronglyintothevacuumbythe

laserelectricfield.Astheelectricfieldreversesitsdirection,theelectronturns

aroundaccordinglyandtravelsbacktotheplasma.Sincetheplasmaisover-

dense,thelaserelectricfielddiminishesrapidlyandonlypenetratesthrough

adistanceoftheskindepth. Therebytheelectrontravelsdeeperintothe

plasmafreeofthedecelerationforceofthelaserfield,anddepositsitsenergy

bycollidingwithotherparticles.

Ananalyticalmodelbasedonthecapacitorapproximationwasdeveloped

byBruneltostudytheVacuumheating[72].Inthismodel,themagnetic

fieldofthewaveisignoredandthelaserelectricfieldisassumedtohavea

componentnormaltotargetsurfacesuchthatitwillpulltheelectronsback

andforthacrosstheirequilibriumpositionthatisnearthesurface.Assuming

theoscillatingelectronsarealllosttothesolids,thismodelpredictsthelaser

absorptioncoefficientscaleasfollowing:

ηa=
4

π
a0
sin3θ

cosθ
(3.10)

wherea0=υos/cisthelasernormalizedvectorwhereυos=eE/mω,andθisthe

incidentangleofthelightwave.Accordingtothisexpression,moreabsorption

isexpectedatlargerincidentanglesandwithhigherlaserintensity(Iλ2∝a20).

Infact,theaboveexpressionpredictsabsorptionover100%inthatitignores

thefactthattheelectricfieldamplitudeisreducedduetoimperfectreflectivity

aswellasthatthereturnvelocitiesofelectronsmaybecomerelativisticat

intensitiesover1×1018W/cm2. Aftertakingintoaccounttheabovetwo

factors,inthestronglyrelativisticregime(a0 1),thedependenceonthe
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intensitydisappearsandtheabsorptioncoefficientcanbereformulatedbythe

followingexpression[43]:

ηa=
4πα

(π+α)2
(3.11)

whereα=sin2θ/cosθ,whichsuggestsapeakabsorptionof100%atincident

angleof73o.

Thepitfallofthiscapacitormodelisthatitneglectstheinfluencefrom

themagneticfield,whichbecomecomparabletotheelectricfieldatrelativistic

intensities,partofwhichcanbeinducedbytheDCcurrentssetuponthe

surfaceofthetargetbesidesthatfromlaserwave. Thisadditionalmagnetic

fieldcandeflectthefastelectronsandpreventthemfromreturningtothe

plasma,resultinginasmallerabsorptioncoefficientthanthatpredictedby

thecapacitormodel.ThisproblemwaspointedoutbyGibbonandBell[73],

whosimulatedthevacuumheatingusinga11
2
Dparticle-in-cellcode. The

simulationindicatedthatvacuumheatingdominatesoverresonantabsorption

forplasmascalelengthL/λ<0.1,andismostefficientwhenυos/c 3.1(L\λ)2.

Inaddition,thesimulationalsosuggestedthattheabsorptiontendstopeak

at45oinsteadof73oasmentionedearlyonforthecapacitormodel.Finally,it

wasfoundthatatanincidentangleof45o,forL/λ=0.04,theabsorptionrate

saturatesataround10%-15%forhighlaserintensity(Iλ2>1017Wcm−2µm2).

3.3.3 J×Bheating

Physically,J×Bheatingisverysimilartovacuumheatinginthattheelectrons

aredirectlyacceleratedintoastep-likeplasmaprofilebythelaserelectromag-

neticfield,whichpenetratesaskindepthintotheoverdenseplasma.Themajor

differenceisthatthedrivingforceforJ×Bheatingistheoscillatingcompo-

nentofthePonderomotiveforceinsteadofthelaserelectricfield.Foralinearly

polarizedwaveE=E0(x)sinωt,itwillgenerateaponderomotiveforceinthe
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longitudinaldirection:[74]

fp=−
m

4

∂2υos(x)

∂x2
(1−cos2ωt) (3.12)

ThefirsttermontherighthandsideistheusualDCPonderomotiveforce,

whichtendstopushtheelectronsinward.Thesecondterm,oscillatingattwice

thelaserfrequency,leadstotheheatinginthesamemannerastheelectricfield

doesinresonantabsorption.J×Bheatingisvalidforanypolarizationexcept

circular,wherethesecondtermvanishes.TheabsorptionofJ×Bheatingis

demonstratedtobearound10%-15%forIλ2ontheorderof1018Wcm−2µm2,

anddropssignificantlyasthelaserintensityreducesbelowthisandincreases

atintensitiesabovethis[74].

3.4 Hotelectrongenerationandtemperature

scaling

Alloftheaforementionedcollisionlessabsorptionmechanismswillonewayor

anothersuperheatsomefractionoftheelectronstotemperaturesThmuchhot-

terthanthebulkplasmatemperatureTe.Theenergydistributionofresulting

hotelectronstakestheformofaMaxwellian,whichsuperimposeswiththeex-

istingoneforthebulkelectrons,therebyformingaBi-Maxwelliandistribution

withtwocharacteristictemperatures,i.e. ThandTe. Thedeterminationof

Thanditsfractionalenergycontentposesoneofthemostimportantissuesin

short-pulselaser-solidinteractions.Particularly,thefastignitionschemerelies

cruciallyonthehighestpossibleconversionefficiencyofthelaserenergyinto

hotelectronsofaspecificenergy.

Inaddition,theabovethreemechanismsindicatethathotelectrongenera-

tiondependsstronglyonparameterssuchaslaserintensity,targetmaterialand

geometry,prepulsecontrastratioandsoon.Todate,anumberofexpressions
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forscalingofthehotelectrontemperaturewithlaserintensityhavebeenfound

basedoneitherexperimentalfindingsortheoreticalmodels.

ExperimentscarriedoutbyBeg[75]inwhichapicosecondlaserpulseim-

pingesonplanarsolidtargetsfoundthatthehottemperaturescalesas:

Th(keV)=215(I18λ
2
µm)

1/3 (3.13)

whereI18isthelaserintensityinunitsof10
18W/cm2,λµmisthelaservacuum

wavelengthinunitsofµm. Beg’sscalinglawappliesforlaserintensitiesup

to1019W/cm2,andcanbeattributedtoresonanceabsorptionandvacuum

heating.

Forlaserintensitiesexceeding1018W/cm2,simulationsdoneby Wilks[76]

showthattheplasmaisdrivenrelativisticallybythelaser,andthedominant

absorptioncomesfromthePonderomotiveforcedrivenJ×Bheating,which

givesthescalinglawasfollowing:

Th(keV)=511[(1+0.73I18λ
2
µm)

1/2−1] (3.14)

Recently,afullyrelativisticmodelbasedontheconservationofmomentum

andenergywasdevelopedbyHaines[77]anddemonstratedthatinanover-

denseplasmahotelectronsonlyinteractoveradistanceofcollisionlessskin

depth,whichismuchshorterthanthelaserwavelength.Inotherwords,the

electronsdonotseethefullponderomotivepotentialastheydidin Wilks’

model,resultinginasmallertemperaturegivenby:

Th(keV)=511[(1+1.21 I18λ2µm)
1/2−1] (3.15)

Thehotelectrontemperaturesobtainedwiththeabovethreescalinglaws

areplottedagainstthosemeasuredinrecentexperiments[78,79,80,81]in

Fig.3.3.Itshouldbenotedthatlaserpeakintensitieswereusedincomputing
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3.5 Coldreturncurrent

Inprevioussections,wehavelearnedthathotelectronsorfastelectronsare

aninevitableconsequenceofultra-intenselaserinteractingwithsolidsurfaces.

Theoretically,astheseenergeticelectronspropagateinsidethetarget,alarge

magneticfield,ontheorderofaGigaguass,willbeinducedbythehotelec-

troncurrentaccordingtoAmpere’slaw.Supposethatthismagneticfieldis

producedalongthewholelengthofthehotelectrontrajectoryorthepene-

trationdepthofthehotelectron.Theresultingmagneticenergycontainedin

thecylinderofthefastmovingelectronscanbeestimatedandwasshownto

tobesignificantlyhigherthantheenergycarriedbythehotelectronbunch

alone[82].Suchasignificantdiscrepancyinenergyimpliesthatthefastelec-

troncurrentcannotbemaintained.Itmustbeopposedbyaninductivelyor

electrostaticallygeneratedelectricfieldwhichconfinesthefastelectronsnear

thesurfaceofthetarget,orelsethebackgroundthermalplasmamustsupply

abalancingreturncurrent[82].Localchargeneutralityrequiresthatthehot

currentjhandthecoldreturncurrentjcshouldsatisfy:jtotal=jh+jc 0.

Sincethereisafiniteresistivitywiththecoldsolid-densitybackground

plasma,anelectricfieldwillberapidlyinduced,slowingthepropagationofthe

fastelectronsandcouplingenergytothecoldreturncurrentelectrons. The

magnitudeofthiselectricfieldisgivenby:

jc=−jh=σeE (3.16)

whereσeistheelectricalconductivityinthebackgroundplasmaforthecold

returncurrentelectrons.Inotherwords,insteadofstreamingfreelyinsidethe

coldsolidtarget,thefastelectronswouldexperiencedecelerationandeventu-

allyrefluxingatacertainpointduetothepotentialgradientassociatedwith

theelectricfieldfromthecoldreturncurrent.

Thecontinuityequationforfastelectrons,combinedwithEqn.3.16,isgiven
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by:
∂nh
∂t
=∇·(

jh
e
)=−∇·(

σe
e
E) (3.17)

AssumingthefastelectrondistributionisMaxwellianandisconfinedbythein-

ducedelectricfield,E=−∇φ,thedensityofthehotelectronscanbedescribed

by:nh=Aexp(φ/Th)[33].Basedonthisequation,onecanobtain:

E=−
Th
nh
∇nh. (3.18)

SubstitutingthisequationintoEqn.3.17,gives:

∂nh
∂t
=∇·(

σeTh
enh
∇n). (3.19)

Thisisthediffusionequationforthehotelectronsandthediffusionfactor

D=σeTh/enhisinverselyproportionaltothehotelectrondensity.

Sinceforthehotelectronsofourinterest,theelectroncollisionallosstimeis

largerthanthelaserpulse-length,onecanassumethehot-electrontemperature

isconstantduringthelaserpulse,theconductivityofthebackgroundplasma

isconstantanduniformandtheadiabaticlossesarenegligible[82]. Withthese

assumptions,thesolutiontothediffusionequationinone-dimensionduringthe

laserpulseisgivenby[82]:

nh=n0(
t

τlaser
)(
z0
z+z0

)2 (3.20)

where

n0=
2I2absτlaser
9eT3hσe

andz0=
3T2hσe
Iabs

(3.21)

whereIabsistheabsorbedlaserintensity,τlaseristhelaserpulselengthandzis

thedistanceawayfromthesurfaceofthetarget.Inpracticalunits,theabove
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twoquantitiescanberecastas[82]:

n0=(
Iabs

1018Wcm−2
)2(
τlaser
ps
)(

Th
200keV

)−3(
σe

106Ω−1m−1
)−11.7×1022cm−3

(3.22)

z0=(
Th

200keV
)2(

σ

106Ω−1m−1
)(

Iabs
1018Wcm−2

)−112µm. (3.23)

Togiveanexample,consideringa1µmlaserpulsewithpeakintensityof

I0=10
20W/cm2impingingontoa10eValuminumtargetwithdensityclose

tosolid.Assuming40%ofthelaserenergyistransferredtohotelectrons[75],

whichisreasonableforacombinationofresonanceabsorption,vacuumheating

andJ×Babsorption,onecanhaveIabs=4×10
19W/cm2.FromBeg’sscaling

lawasshowninEqn.3.13,onecanestimateTh∼1MeV. Theconductivity

σeforAlatTe=10eVisaround10
6Ω−1m−1[83].Substitutingtheabove

numbersintoEquation3.23,onecanobtainthatthe1MeVhotelectronscan

penetrateadistanceofapproximately8µmintothetargetduringthelaser

pulse,significantlylessthanthecollisionalrangeReofapproximately1mm

for1MeVelectronstraversinginsidealuminum[84].Itimpliesthatthehot

electrontransportisinhibitedbytheinducedelectricfieldsetupbythecold

returncurrentfromthebackgroundplasma.

Thethresholdlaserintensityfortheresistivelyinhibitedtransportcanbe

estimatedbyequatingz0andRe,andisgivenby[82]:

Iinhib>(
Tcold
100eV

)3/2(
Z

13
)−1/2(

ρ

2.7g/cm3
)1017W/cm2 (3.24)

whereTcoldistheplasmatemperatureofthebackgroundplasma,Zisthe

ionizationstateofthematerialandρisthedensityofthematerial.
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Chapter4

Methodologies

Inthischapter,wepresentmethodologiesemployedfortheLWFAandFIex-

periments,includingthelasersystemsandthediagnosticsetupsfortheexperi-

ments.TheLWFAexperimentswereperformedwiththe200TWlasersystem

attheAdvancedLaserLightSource(ALLS)facilityattheInstitutNationalde

laRechercheScientifique(INRS)inVarennes,Qúebec[85,86]. WhereastheFI

experimentswerecarriedoutwiththeTitanlaserbeamline[87]attheJupiter

LaserFacilityattheLawrenceLivermoreNationalLaboratory(LLNL)inLiv-

ermore,California.Thecontentsofthischapterwillbearrangedintheorder

ofexperimentscarriedout.

4.1 LWFAexperiments

4.1.1 ALLS200TWLaserSystem

TheALLS200TWlasersystemisacompactlasersystembasedonTi:Sapphire

technologyandCPAtechnique.Thislasersystemisacommercialprototype

builtbyAmplitudeTechnologiesthatcanbeoperatedat10Hzwithacentral

wavelengthof800nm.Theschematiclayoutofthelasersystemispresentedin

Fig.4.1.Theseedpulseofthelasersystemisgeneratedwithabroadspectral
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Figure4.1: Schematicdiagramshowingthe200TWLaserSystematALLS.
Theinsetshownonthetopleftisthenear-fieldimageofthefinalfullbeam
profileandtheimageonthetoprightisthetargetchamberimageforLWFA
experiments.P.C.representsPockelsCell.

bandwidthof100nmbyanoscillatorthatisoperatedat64.1MHzrepetition

rate(correspondingto15.6nsroundtriptime). Theoutputenergyandthe

pulsewidthoftheseedpulseare1nJand18fsrespectively.Theseedpulse

thenpassesthroughaboosterthatconsistsofa14-passringamplifierand

asolidstatesaturableabsorbertoamplifyandcleanthelaserpulse. The

laserpulseaftertheboosterhasanenergyofapproximately10µJwitha

pulsewidthbroadenedto∼1ps.Thisamplifiedandbroadenedlaserpulseis

furtherstretchedinpulsewidthbyagratingbasedstretcher,whichincreases

thepulsewidthto∼350ps(FWHM).Afterthestretcher,thelaserpulseis

relayedintoaregenerativeamplifierwithanamplificationfactorof103.After

theregenerativeamplifier,thepulseisfurtheramplifiedtoafinalmaximum

energyof7.5Jbytwomulti-passamplificationstagestogetherwithapower

amplificationstagethatispumpedbyfourteenYAGPro-pulsepumplasers

(16Jtotalpumpingenergy).Theamplifiedlaserpulseisre-compressedina

52



vacuumcompressordowntoapulsedurationof25fswithanenergyofaround

5.4J.Thefinalbeamisapproximately9cmindiameterandthebeamprofileis

aquasi-flattopasindicatedintheinsetinFig.4.1.Theoutputbeamfromthe

compressortravelsoverseveralmetersinavacuumbeamtubebeforeentering

thededicatedtargetchamber,asshowninFig.4.1,inwhichthelaserisfocused

byanoff-axisparabolaontothetarget.

FourPockelscellsintotalwereemployedthroughoutthelasersystemto

isolatethemainpulseandincreasethelaserpulsecontrastratio. Asshown

inFig.4.1,thefirstoneintheoscillatorwasusedtobringdownthelaser

repetitionrateto10Hz,thesecondoneattheentranceoftheregenerative

amplifierwasusedforseedingandthethirdoneattheexitoftheregeneratorfor

switchingthepulseoutoftheregenerativeamplifierandtheforthonebetween

theregenerativeamplifierandthefirstmulti-passstagewasforreducingthe

prepulselevel.

OneofthedrawbacksoftheCPAtechniqueisthepresenceofatemporal

pedestalorprepulsepriortothemainpulse,whichisprimarilyduetotheAm-

plifiedSpontaneousEmission(ASE)andtheleakageofthemainlaserpulsedue

totheimperfectmatchingofopticalelementsinthelaserchain.TheASE,also

knownassuperluminescence,occurswhenthelasergainmediumispumped

tothestateofpopulationinversion.Theresultingspontaneousemissionwill

passthroughthesameamplificationstagesdesignedforthemainpulseand

becomeamplified.Sincethechirpinginthelasersystemisoptimizedforthe

mainpulse,theASEnormallymanifestsitselfasaplateau-shapedpedestal

infrontofthemainpulsewithatimedurationontheorderofnanoseconds.

Generally,inmostofultra-fastlasersystems,theleakageofthemainpulseis

mainlyfromthePockelscellsthatwerenormallyusedincombinedwithpolar-

izerstomanipulatetheswitchinginandoutofthelightinsideopticalamplifier

cavities. Theleakagenormallyhasapulsedurationcomparabletothemain

laserpulseandcomesnanosecondsearlierthanthemainpulsedependingon
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Figure4.2: TypicallaserpulsecontrastoftheASEinpicosecondtimescale
forALLS’s200TWlaser.

theroundtriptimeoflightinsidethecavitywheretheleakageoccurs.Ifthe

prepulseisintenseenoughitwillcreateapreplasmainfrontofthetargetthat

canpotentiallychangethelaser-matterinteractionmechanism.Therefore,in

high-intensitylaser-matterapplications,thelaserpulsecontrastratio(LPCR),

theratioofmainpulseintensityoverprepulseintensity,isacrucialparameter

thatshouldalwaysbetakenintoaccount.

Forthe200TWALLSlaser,acleaningtechniquebasedonhighenergy

transmissionthroughsaturableabsorbersbeforepoweramplificationwasap-

pliedtoenhancethelaserpulsecontrastratio[86]. AsindicatedinFig.4.1,

theextrasaturableabsorberforthispurposewasinstalledattheexitofthe

regenerativeamplifier.ThistechniquewasdemonstratedtoimprovetheLPCR

tobetterthan1010withonlya30%energylossata10Hzrepetitionrate[86].

Withthistechnique,thepulsecontrastfortheleakagewasmaintainedabove

108inintensityduringtheexperimentsandthecontrastfortheASEinterms

oflaserbeamintensitywasmeasuredtobebetween108and109,asindicated

inFig.4.2.
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Figure4.3:(a)Lineoutsofthetypicallaserfocus(shownintheinset)employed
inLWFAexperiments.(b)Equivalentenergyratioversustheradiusforthe
laserfocusshownin(a).

4.1.2 Laserfocalspot

FortheLWFAexperimentscarriedoutforthisthesis,the9-cm-diameterlaser

pulsesarrivingatthetargetchamberwerefocusedontothegasjettargetsby

a150-cmfocallengthoff-axisparabola(OAP).Thelaserpulseswerelinearly

polarizedwithaverageenergyofapproximately2.4Jattargetandpulsewidth

of30fsFWHM.Thelineoutsofatypicalfocalspotinvacuumobtainedduring

theexperimentsareshownFig.4.3alongwiththecontainedequivalentenergy

fractionasafunctionofradius.
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ThelineoutsinFig.4.3(a)implythattheFWHM’softhefocusare20µm×

18µminthehorizontalandverticaldirections.Thepeakintensityforthisfocal

spotismeasuredtobe7.3×1018W/cm2,correspondingtoanormalizedvector

potentiala0of1.8.Fromthebreakdownofthecontainedenergyratioversus

radiusasplottedinFig.4.3(b),onecanobtainthattheenergycontainedwithin

theFWHMofthefocalspotisonly20%ofthetotalenergy,whichcorresponds

to48%oftheenergywithinthecentrallobeofanAiryfunctionfocalspot.

Therestoftheenergyisspreadouttothehalothatsurroundsthecentralspot

duetotheaberrationsassociatedwiththegratingcompressorandtheOAP

andthewavefrontdistortionduetoself-phasemodulation.

4.1.3 ElectronSpectrometer

TheenergyspectraoftheelectronsachievedfromtheLWFAexperimentswere

measuredwithelectronspectrometers.Anelectronspectrometernormallycon-

sistsofapermanentdipolemagnettodispersetheelectronsaccordingtotheir

energiesandadetectortoobservetheelectrons.Inourexperiments,tobeable

toresolveelectronswithenergyattheGeVlevel,weusedtwoseparatemagnet

dipolesofidenticallengthof10cmwithmagneticfieldstrengthsof1.12Tand

0.84Trespectively. ThedetectorofourspectrometerisaLanexfluorescent

screenthatwasplaced20cmaftertheexitofthesecondmagnet. Thefluo-

rescenceemittedfromtheLanexfilmwascollectedbyanf/2.8aperturelens

systemandimagedontoa12bitCCDcamera(PointGray).

Themotionofarelativisticelectronwithvelocityvtravelinginamagnetic

fieldBcanbedescribedby:

dp

dt
=−e(v×B) (4.1)

wherep=γmvistherelativisticmomentumoftheelectron,γistherelativistic

Lorentzfactorandisgivenbyγ=1/ 1−(v/c)2.Sincethemagneticfield
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doesnoworkontheelectrons,γoftheelectronwillbeconstantthroughout

themagneticfield. Theassumptionofconstantγtogetherwiththemotion

equationimpliesthattheelectronwillexperiencecircularmotioninsidethe

magneticfieldwiththegyrationfrequencygivenby:ω0=
eB
γm
.Onceexitingthe

magneticfield,theelectronwilltravelinlinearmotionagainandtheposition

oftheelectroncanbeeasilytracked.

Fig.4.4(a)plotsthesimulatedtrajectoriesoftheelectronswithenergy

rangingfrom250 MeVto2GeVinourelectronspectrometersystembased

onEqn.4.1.Fromthisgraph,onecanseethatthecurvatureoftheelectron’s

trajectoryinsidethemagneticfieldisdecreasingwiththeenergysincethe

gyroradiusisproportionaltotheelectronmomentum. Becauseofthat,the

electronswithdifferentenergieswillhitdifferentpositionsattheLanexscreen,

whichresultsinadispersioncurveoftheelectronspectrometerasindicatedin

Fig.4.4(b).

4.1.4 Interferometry

ForLWFAexperiments,theunder-denseplasmabackgroundforbubblefor-

mationandelectronaccelerationcanbeobtainedbylaserionizationofagas

jet[50,51],laserionizationofagascell[20]orgas-filledcapillarydischarge

waveguide[45].FortheLWFAexperimentsperformedforthisthesis,gasjets

formedbysupersonicconicalnozzleswereselectedasthetargets.Acommercial

ParkerValvesolenoid(Model009-181-900)wasemployedtoswitchonthegas

flowthroughthenozzleforabout12msandwascontrolledwithahomemade

electronicpulsersystem.Theconicalnozzles,asshowninFig.4.5,weremade

intheElectricalandComputerEngineeringDepartment’smachineshopand

aresimilartothosecharacterizedinRef.[88].TheDcritofallofournozzlesis

0.8mmandtheDexitvariesfrom2.4mmto10mmtoprovidedifferentranges

ofgasdensities.

Plasmadensitycanbemeasuredthroughinterferomtry.Themeasurement
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changingthemagnificationofthelenssystem.Furthermore,theorientationof

thefringescanbechangedbyrotatingthepolarizers.Thetrickypartofthe

Normarskiinterfeormeteristhatonehastomakesurethatoneoftheimages

oftheobjectmustoverlapwithanundisturbedregionofthefieldofview,

whichcanbedonebychoosingaprismwithproper ,settingupanappro-

priatedistancebandusingalargeenoughprobebeamdiameter.Thiswould

guaranteethattheNomarskiinerferometerbehavesasanormalinterferometer

suchthatthedistortionsofthefringesattheimagepositionaredirectlyfrom

therefractiveindexchangealongtheopticalpathcoveredbytheobject.

Comparingwithothercommonly-usedinterferometerssuchasMach-Zehnder

andMichelsoninterfeormters,theadvantagesoftheNomarskiinterferometer

arethefollowing:

1)Straightlinearrangementofthesystemcomponents,i.e.:lightsource-

object-lens- Wollaston-detector.Therefore,itsavesspaceforinstallation

andisthebestoptionwhendiagnosticspaceisconstrainedinthetargetarea.

2)Thealignmentisrelativelyeasyandisfreeofstabilityproblems.

3)Theinterfeormeterhasequalopticalpathlengthsforthetwoseparated

beamsaftertheprismthatformtheinterferogram. Therefore,thereisno

additionalefforttoachievethisasinotherinterferometersthatnormalyrequire

verypreciseadjustmentofpathlengths.

4)Itiseasytoachievestraightlinefringesthatarepreferentialforextracting

thephaseshiftinformation.Forotherinterferometers,thelinefringesmaybe

subjecttoacertainlevelofcurvatureduetowavefrontdistortionfromoptical

misalignmentandthereforerequiringsophisticatedalignmentstrategiesforthe

optics.

4.1.5 AbelInversion

Oncetheinterferogramwheretheplasmadensityisembeddedisobtained,one

hastoapplysomeinversionalgorithmtoextractthedensityfromthemeasured
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coordinates,theaboveequationcanberecastas:

Φ(x)=
4π

λ0

r0

x

(ηr(r)−1)rdr

(r2−x2)1/2
(4.4)

Byusingamathematicaltransformation,thisequationcanbealsowrittenas:

2π(ηr(r)−1)

λ0
=−
1

π

r0

r

Φ(x)dx

(x2−r2)1/2
(4.5)

whereΦ(x)=dΦ(x)/dx. Theintegralontherighthandsidecanbesolved

withamatrixsummationasdescribedinRef.[90]. Accordingly,fromthe

phaseshiftΦkalongthex-axisx(paralleltothelaserpropagationaxis)for

nequidistantvaluesxk=kr0/n(fork=0,...,n−1),thevalueofrefractive

indexcorrespondingtorj=jr0/n(j=0,1,...,n−1)canbegivenbythe

simplerelation:

ηj(rj)−1=
λ0
2πr0

k

ajkΦk(xk), (4.6)

whereajkarecoefficientstabulatedinRef.[90].

Ininterferogramanalysis,thephaseshiftofadistortedfringecanbecon-

vertedtoanequivalentquantitycalledfringeshiftbythefollowingrelation:

Φ=2πδi/i,whereδiisthespatialshiftofthefringefromoriginalposition,iis

thefringespacingandtheratioofδi/iisnamelyfringeshift.Practically,itis

easiertofigureoutthefringeshiftthanthephaseshiftgivenaninterferogram

withdistortedfringes.Therefore,Eqn.4.6isrewrittenasasafunctionoffringe

shift:

ηj(rj)−1=
λ0
r0

k

ajk
δi(xk)

i
, (4.7)

Knowingtherefractiveindex,onecanderivetheplasmadensitythrough

thefollowingrelation:ηr= 1−ne/nc 1−ne/(2nc),whereneistheplasma

densityandncisthecriticaldensityforlaser. Withthisrelation,Eqn.4.7can
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berewrittentoas:

ne(rj) −
2λ0nc
r0

k

ajk
δi(xk)

i
. (4.8)

Sofar,wehavelearnedthattheAbelinversionprocedurecanbeusedto

derivetheplasmadensitybasedonthephaseshiftorfringeshiftinformation

achievedwithinterferometryforacynlindricallysymmetricplasma.However,

asmentionedpreviously,thisalgorithmisbasedontheassumptionthatthe

plasmaiscylindricallysymmetric,whichmaynotbethecaseforpractical

measurements.AmodifiedAbelinversion,socalledweightedasymmetricin-

version[91,92]wasthereforeproposedtotakecareofplasmawithasymmetric

densitydistribution.ThedetailofthismodifiedAbelinversionwasdescribed

inRef.[91].Inthismodifiedinversion,theasymmetryofthefringeshiftsis

weightedandintroducedintothefinalplasmadensitydistribution,whichisas-

sumedtohaveacosθtransverseasymmetrycontribution.AsgiveninRef.[91],

Equation4.8forthefinalplasmadensitywillbebrokenintotwoparts,one

accountsforthedensityinthepositivexside:

nxj=
2λ0nc
r0

N

k=1

ajk fk(
rk+rj
2rk

)+f−k(
rk−rj
2rk

)+aj0 f0+rj(
f1−f−1
2r1

) ,

(4.9)

andtheotheronefornegativexside:

nx−j=
2λ0nc
r0

N

k=1

ajk fk(
rk−rj
2rk

)+f−k(
rk+rj
2rk

)+aj0 f0+rj(
f−1−f1
2r1

) ,

(4.10)

wheref±k=δi/iarethefringeshiftmeasurementsonthepositiveandnegative

sidesofthex-axisrespectively.Atx=0,theplasmadensitycanberecovered

byaveragingbothsidesofvaluesalongthex-axis,i.e.:nyj=(nxj+nx−j)/2.

AmatlabGUIappcalled”Frinedit”basedontheAbelinversionalgorithm

wasdevelopedtoderivetheplasmadensityfromtheinterferogramsachieved

fromtheLWFAexperiments.Inthissoftware,fringeshiftsoftheinterferogram
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arefirstcomputedbytracingthetrajectoriesofthefringes.Thefringeshifts

arethenpassedtoEqn.4.8orEqn.4.9andEqn.4.10tocalculatethedensity

ofsymmetricorasymmetricplasmatarget.Detailsofthissoftwareisgivenin

AppendixA.

4.2 FIexperiments

4.2.1 TitanLaserSystem

TitanlaserisoneofthebeamlinesinJupiterLaserFacilityattheLawrence

LivermoreNationalLaboratorylocatedatLivermoreCalifornia. TheTitan

laserisa1053nmNd:glasslaserwhichcombinedthetechniquesofCPAand

opticalparametricamplification(OPA)[93]initsfrontendsysteminwhat

iscalledOpticalParametricChirpedPulseAmplification(OPCPA)todeliver

cleanlaserseedpulses.Thesearethenamplifiedinglasslaserrodsanddisk

amplifiersupto150Jandrecompressedto500-700fs(FWHM)pulseson

target. Withthef/3off-axisparabolaavailableinthetargetchamber,the

focusedpeakintensityoftheTitanlasercanexceed1×1020W/cm2.

Fig.4.8presentstheschematiclayoutofTitanlasersystem.Theseedpulses

withpulsedurationof200fsandwavelengthof1053nmaregeneratedbya

commercialGLX-200masteroscillator(madebyTimeBandwidthProducts

Inc.).TheseedpulsesarethensenttotheOffnerPulseStretchertoexpand

thepulsewidthupto1.6ns. Thestretchedpulsesarefirstlyamplifiedtoa

fewmJbyatwostageOPCPA,thefront-endpre-amplifier.Thepumplaser

pulsesfortheOPCPA,comingoutfromaCWoscillatormodulatedat5Hz

withwavelengthof1053nm,areamplifiedto1.5Jbyaregenerativeamplifier

togetherwitha4-passamplifier,thegainmediumofwhicharea3mmNd:YLF

rodandtwo12.7mmNd:YLFrodsrespectively. Theamplifiedpulsesare

thenfrequencydoubledbyaBBO(β-bariumborate)crystalto526nmbefore

pumpingtheOPCPA.AftertheOPCPA,thepre-amplifiedpulseissenttothe
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Figure4.8:SchematiclayoutofTitanLaserSystem.(ImagecourtesyofCliff
Chen)
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JanusAmplificationChainforpoweramplification.Itpassesthrougha25-mm

diameterflashlamppumpedrodamplifierandtwo50-mmdiameterflashlamp

pumpedrodamplifiersgivingalaserpulseoutputenergyof∼5J.Thebeam

thenmakesadoublepassthroughaseriesof9.4cmdiskamplifiers,thenis

switchedoutbyaPockelsCelltoanotheramplificationstagethatconsistsof

twoseparatesetsof9.4cmand15cmdiskamplifierstoreachitsfullenergy

of∼150J.Aftertheamplificationstages,thebeamisrecompressedbacktoa

pulselengthof∼(500−700)fsbythecompressorlocatedattheTitantarget

room.Thisshortpulsebeamwithdiameterof25cmisthenredirectedbytwo

turningmirrorsbeforebeingfocuseddowntothetargetchambercenter(TCC)

withanoff-axisdielectriccoatedparabola.

Tominimizethepreplasmaeffectonthelasermatterinteraction,forthe

FastIgnitionexperimentsconductedinthisthesis,thesecondharmonicgener-

ation(SHG)oftheTitanlaserwasemployed.SinceSHGisanonlinearprocess

suchthattheoutputsignalstrengthisproportionaltothesquareoftheinput

laserintensity,thelowintensityprepulsefromthe1ωlaserwon’tbeconverted

asefficientlyasthemainpulse,henceresultinginamuchhigherlaserpulse

contrastwiththe2ωlaserpulse.Thesecondharmoniccrystalusedwasa2-

mm-thickKDPcrystalthatwasinstalledinsidethevacuumcompressor.The

conversionefficiencyof2ωlaserwasmeasuredtobeapproximately40−60%

duringtheexperiments.TheKDPcrystalwassmallerindiameterthanthefull

laserbeamandthusanapodizedbeambeamof20cmdiameterwasemployed,

whichgaveanaverageenergyofaround50Jattargetforthe2ωlaser.

4.2.2 LaserDiagnostics

Theshottoshotlaserdiagnosticsformonitoringtheequivalentfocalspot

atTCC,pulselengthandprepulseweresetupbyusingtheleakagelight

throughthelasttwoturningmirrorsbeforetheparabola. Theleakagelight

fromtheturningmirrorinthecompressorwouldbeusedfortheprepulse
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monitorandtheautocorrelatorformeasuringthepulselength.Theprepulse

monitorconsistedofawaterbreakdowncellthathasanonlinearresponseto

protectthesensitivephotodiodefromdamagebythehighlaserintensities.

Theleakagethroughthelastturningmirror,∼10−5ofthemainpulseenergy,

wasusedforanequivalentplanemonitor(EPM). Whilethebestfocusatthe

targetplaneinvacuumwasestablishedatthebeginningoftheexperiments

byoptimizingtheparabolawithlowlaserpowerlookingatthefocusimaged

byanobjectiveattachedtoaCCDcamera,theEPMisthenabletorecord

theintensitydistributionofsubsequentsystemshotswithfullpoweratan

equivalenttargetplane. WiththeEPM,onecancharacterizetheeffectsof

pumpinduceddistortionandnon-linearopticalrefractiveindexonthefull

powerfocalspot.RegardingthelayoutoftheEPM,itisasinglelenssystem

thatconsistsofafullaperturef=6.3mlensandnecessaryopticstorelay

thefocustoa16bitCCDcamera.Becauseofthedifferenceinf/number,the

spatialdimensionoftheEPMsystemscalesasthefocallengthratioofthelens

andtheparabola.

Fig.4.9plotsthetypicalprepulseprofilesoftheTitan2ωlaserwithand

withoutinjectedprepulses. Forcomparison,the1ωprepulsedigitizedfrom

Ref.[78]isalsoplotted.Theinjectedprepulsecamefromasecondlongpulse

beamavailableintheTitanfacilityandwasinjectedcoaxiallywiththeshort

pulsebeamthatisdiscussedhere.Theenergyoftheintrinsicprepulseforthe

2ωlaserpulsewasmeasuredtobelessthan10µJ,whiletheenergyofinjected

prepulseiscontrollableandcanbeadjustedfromafewmJtohundredsofmJ.

Noticethattheinjectedprepulse,asindicatedinthegraph,startsaround

2nsbeforethemainpulse. Theintensitycontrastratiooftheprepulsefor

2ωlaserwasmeasuredtobeaslowas10−11,whichpotentiallypreventsany

preplasmaformationduringtheexperiments. Comparingwiththeintrinsic

prepulsesbetween1ωand2ω,onefindsthatthelaserpulsecontrastratioof

the2ωlaserwasincreasedbyapproximatelythreeordersofmagnitude,ahuge
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Figure4.9:TypicalprepulseprofilesofTitan2ωLaserwith(bluesolidcurve)
andwithout(redsolidcurve)injectedprepulse.Theenergyofinjectedprepulse
wasmeasuredtobe2mJwhiletheoneofintrinsicprepulsewaslessthan10
µJ.Forcomparison,thetypicalprepulseprofileforTitan1ωdigitizedfrom
Ref.[78]isplottedindashedgreen.Inthisparticular1ωprepulse,theASE
wasmeasuredtobe13mJwhiletheleakageorreplicaofthemainpulsewas
8mJ.Notethatthey-axisscaleisdifferentforthedifferentcurvesplotted.

benefitwhenusingthe2ωlaser.

Fig.4.10(a)showsthetypicalbestfocusoftheTitan2ωlaseratthetarget

planeintheTitan2011SeptemberCampaignledbytheUniversityofAlberta.

Thebestfocuswasachievedbyoptimizingthef=60.19cmoff-axisparabola

usingthemilijouleOPCPAlight.Asshown,thefocalspotmanifestsitselfas

anellipsewithFWHMsizesof3.5µmby8.0µmintheverticalandhorizontal

axes.Theellipticalfocalspotwasmappedintoacirclespotwithequalarea,

indicatingthattheenergyfractionwithinadiameterof6µm(theequivalent

FWHMsize)is∼20%,asseeninFig.4.10(b).Fig.4.10(c)plotstheintegrated

energyfractionasafunctionoftheintensityforthesamespot,inwhichthe

laserenergyandpulseduration(FWHM)werenormalizedto50Jand1.1ps
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Figure4.10:(a)TypicalimageofthebestfocusofTitan2ω
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laserachieved
intheTitan2011SeptemberCampaign. Thisfocuswasachievedwiththe
lowpowerlaserlightthatonlyexperiencedtheamplificationbyOPCPA.(b)
Energyfractionversusdiameterofequivalentcircularspot.(c)Energyfrac-
tionversusinstantaneuousintensityforthefocalspotshownin(a)thatwas
normalizedto50Jand1.1ps. Notethat50Jand1.1psweretheaverage
laserenergyattargetandaveragepulsedurationmeasuredintheTitan2011
SeptemberCampaign,respectively.

Figure4.11:(a)AsampleimageoftheEPMfocusfortheTitan2ωlaser
achievedintheTitan2011SeptemberCampaign.(b)Energyfractionversus
diameterofequivalentcircularspot.(c)Energyfractionversusinstantaneuous
intensity.Thelaserenergyandpulsedurationweremeasuredtobe44.5Jand
1.1psforthisdatashot.
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respectively1.Itisdemonstratedthat10%,50%and80%oftheavailablepower

aredeliveredabove3.2×1019,9.0×1018and2.0×1018W/cm2,respectively.

Notethatthepeakintensityisapproximately6.5×1019W/cm2.

AsampleimageoftheEPMfocusofasystemshotachievedatthebest

focuspositionintheTitan2011SeptemberCampaignisshowninFig.4.11

(a),inwhichthespatialdimensionwascorrectedbythefocallengthratio

(10.5)asdiscussedpreviously. Theenergyandpulsedurationforthisshot

weremeasuredtobe44.5Jand1.1ps. Thesameprocessingmethodsas

thoseinanalyzingtheimageofFig.4.10(a)wereappliedtothisfocalspot

andtheresultsareplottedin(b)and(c).OnecanseethattheEPMfocusis

alsoanellipsewithFWHMsizesof7.7µmand15.3µmintheverticaland

horizontaldirections.TheenergyfractionwithintheequivalentFWHMsizeis

around25%,asindicatedin(b).From(c),itshowsthatthepeakintensityis

2.3×1019W/cm2,and10%,50%and80%oftheavailablepoweraredelivered

above1.3×1019,3.9×1018and4.7×1017W/cm2,respectively.

Discrepanciesareclearlyseenbetweenthefocalspotmeasuredatthetarget

planewiththeOPCPAandtheonemeasuredwithEPMinfulllaserpower.

Possiblereasonsaregivenasfollows:1)thefullbeamprofileswouldbeslightly

differentwithandwithoutthepoweramplification. Whenthelaserisengaged

infullpower,thenonlinearrefractionindexchangeofthegainmediumandthe

thermaleffectofthepumpingsystemwillmodifythewavefrontofthebeam

profile. Therefore,thefocusachievedwithOPCPAisnotfullyrepresenting

theactualfocusattargetduringsystemshots;2)theEPMisasinglelens

system,theopticalastigmatismisnotthesameasthatoftheparabola.3)

thereissomedegreeofB-integraleffectthattakesplaceinsidethe10-cm-thick

combinationofmirrorsubstrate,windowandlenscombinedwhenthelaseris

atfullpower,whichdeterioratesthefocalprofileoftheEPM.Basedonthese

150Jand1.1psaretheaveragelaserenergyandpulselengthachievedintheTitan2011
SeptemberCampaign
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possiblereasons,onecanaveragetheintensitydistributionsoftheOPCPAand

EPMfociitoreconstructanintermediatefocalspot,whichistakentorepresent

bettertheactualfocusandwasusedforbenchmarkingsimulations.

4.2.3 XRayDiagnostics

AsseeninFig.3.3,generatedhotelectronscanreachatemperatureofafew

hundredsofkeVtoan MeVwith1µmlaserintensityaround1019W/cm2.

Withsuchahightemperature,hotelectronsarecapableofknockingoutthe

K-shell(mostinnershell)electronsfromthetargetatoms,andasaresult,the

electronsfromahigherenergylevelfillupthevacanciesandX-rayphotons

areemittedaccordingly.ThisphysicsprocessiscalledK-alpha(Kα)emission,

whichisnormallyusedtoinferhotelectronproperties.Copperisoneofthe

standardtracermaterialsthatisinsertedintothetargettoproducethedesired

Kαemission.AnumberofXraydetectiontechniquesthatutilizeXraycrystals

havebeendevelopedandarebeingusedinthefastignitionexperiments.Those

thatwereusedinmyPhDresearchincludeCuKαBraggcrystalImagers,

HighlyOrientedPyrolyticGraphite(HOPG)SpectrometersandKirkpatrick-

Baez(KB)Microscopes,allofwhicharedesignedspecificallytolookatXrays

near8.048keV(1.541Å),theCuKαemissionline.

CuKαImager

ThecrystalutilizedintheCuKαImagerisasphericallybentquartzcrystal

(alsocalledBraggcrystal),thelatticesystemofwhichishexagonalwitha

Millerindexof2131.TheBraggcrystalhasa2dlatticespacingof3.082̊Aand

reflectsX-raysaccordingtotheBraggdiffractioncondition[94]:

2dsinθB=nλ (4.11)
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Figure4.12:CuKαimager

whereθBistheBraggangle(relativetothesurfaceofcrystal),nisaninteger

representingthediffractionorderandλisthewavelengthoftheincidentX-rays.

TheBraggcrystalthatweusedhasadiameterof4cmandradiusofcur-

vatureof40cm. ThenormalsetupfortheCuKαImagerisillustratedin

Fig.4.12.Thex-raysourceisplacedwithinaRowlandcirclewhosediameteris

equaltoradiusofcurvatureofthecrystal,andtheemittedX-raysarereflected

andfocusedtoapositionthatisoutsidetheRowlandcirclebyaBraggcrystal

thatismountedontheRowlandcircle.Theimagingpropertiesofspherically

bentBraggcrystalaresimilartothoseofsphericalmirrors,andthuscanbe

understoodwithnormalgeometricoptics.Thelensformulathatappliestothe

CuKαimagerisgivenby:

1

p
+
1

q
=
1

f
=

2

RsinθB
(4.12)

wherepistheobjectdistance,qistheimagedistance,fisthefocallengthand

isgivenbyf=RsinθB/2,andRistheradiusofcurvatureoftheBraggcrystal.

Inordertominimizetheastigmatismthatisinevitablewiththeoff-axisimaging
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system,theCuKαimagerisoperatedwithincidentangleclosetonormal,and

thediffractionorderispickedas2forfulfillingtheBraggdiffractioncondition

thatisgivenbyEqn.4.11.Forthesecondorderdiffraction,theBraggangleis

setas88.68oformeasuringCuKαXray.

TheCuKαImageriscapableofgiving2-Dtime-integrated,spatiallyre-

solvedinformationofthehotelectronfluxbydetectingandimagingtheX-ray

radiationwithinanarrowbandwidtharoundtheCuKαwavelength.However,

theCuKαspectrallineshiftsandbroadenswithincreasingtargettempera-

ture[95],andshiftsoutofthenarrowbandwidthofBraggcrystalonceitis

sufficientlyheated(ontheorderof100eV).ThecollectionefficiencyofCuKα

Imageristhusdependentonthetemperatureoftarget,andacorrectionneeds

tobemadeforthelossofsignalduetotargetheating.

HighlyOrientedPyrolyticGraphiteSpectrometer

HighlyOrientedPyrolyticGraphite(HOPG)isamosaiccrystal,whichconsists

ofalargenumberofsmallcrystallites[96]withorientationsclosetothatof

themaincrystalaxis.Theangulardistributionofthecrystallites,withplane

orientationsslightlyoffthenormalaxistothesurface,iscalledthemosaic
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spread. Mosaicitymakesitpossiblethatevenforaslightlydifferentanglesof

incidencetothecrystalsurface,anenergeticdistributionofphotonscanbe

reflected,becauseeachphotonofthisenergeticdistributioncanfindacrystal-

liteplanewiththerightBraggangle.Therefore,themosaicityisresponsible

forthehigherintegralreflectivityofHOPGcrystalincomparisontoperfect

crystals.

AtypicalsetupofaHOPGspectrometerisshowninFig.4.13.Generally,the

HOPGisoperatedatthefirstorderofdiffractionforCuKα,thecorresponding

Braggangleofwhichis13.40.Theraysemittedbyapointsourcearefocused

ontoalineintheimageplaneifthecrystallitesarelyingontheRowland

circle.Thisparafocusingoccursin1:1magnificationgeometry,forwhichthe

distancesFbetweensourceandcrystalandcrystalandimageplaneareequal.

Duetocrystalmosaicity,theraysfurtheralongthecrystalsurfacewouldalso

findotherwellalignedcrystalliteplanes,thusarereflectedandreachtheimage

plane.Thismeans,theeffectivedepth,fromwhichdiffractioninmosaiccrystals

occurs,ismuchlargerascomparedtoanidealcrystal.AHOPGspectralimager

isanessentialdiagnostictoruninconjunctionwiththeCuKαImagerbecause

itsbroadbandwidthresponseconsistentlypermitsalltheKαlineradiationto

becollected,andthereforeisnotsensitivetoshiftingofthelinewavelength

duetotemperature.

Kirkpatrick-Baez Microscope

TheKBmicroscopewasfirstproposedbyKirkpatrickandBaezin1948[97],

anditconsistsoftwoorthogonalmirrorsthatareplacedinsuccession,which

isdepictedinFig.4.14(a). Thesetwomirrorsaresuper-polishedtoaRMS

roughnessdowntoafewangstromsinordertominimizethescatteringof

shortwavelengthX-rayscausedbythesurfaceirregularity.Ontopofthesuper-

polishedmirrorisahighZmaterialcoatinglayer,whichprovidesarefractive

indexstepprofilefromtheambientairorvacuum.Typicalchoicesofcoatings
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(a) (b)

Figure4.14:(a)TwosphericalmirrorsplacedinseriesinKBmicroscope,(b)
KBmicroscopeSetup.(ImagecourtesyofHalFriesen[H.J.Friesen,MScthesis,
UniversityofAlberta,2011])

arenickel,platinum,goldandiridium.TheX-rayswillbereflectedifitarrives

ataincidentangle(relativetonormal)largerthanthecriticalangleθcthatis

derivedfromthetotalinternalreflectioncondition:

θc=asin
n1
n2

(4.13)

wheren1istherefractiveindexofthecoatinglayer,andn2istherefractive

indexoftheair.Normally,theKBmicroscopeworksingrazingincidencedue

tothefactthatthexrayreflectivityinthiscaseishighenoughtogiveavisible

imagefordatarecording.

WealreadydevelopedaKBmicroscopewithPtcoatedXraymirrorsat

theUniversityofAlberta,aspresentedinFig.4.14(b).TheKBsetupisare-

entrantmoduledesignedtomountonachamberflange,madeupoftwotubes

connectedwithanO-ringsealtoallowslightpivotingoftheinnertubefor

alignmentpurpose.Theentirehardwareismadeoutofaluminumtominimize

theactivationthatisgeneratedbythehardX-rayradiationandMeVparticles

generatedintheFastIgnitionexperiments.Insidethecentraltube,therearean

X-raycollimatorandmagnetshieldsagainstincomingchargedparticles.This
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centraltubeisfreetopivotaboutthecentralO-ringoverarangeofangles,

andiscontrolledbymicrometersattheoutsideendofthetube.

SinceintheorytheKBmirrorsareachromaticandareabletoreflectwhat-

everX-raywavelengthcomesinaslongastheymeetthetotalinternalreflection

requirement,theKBmicroscpeisactuallyabroadbandxrayimager.Thusit

isresistanttothetemperatureshiftoftheKαemission.TheKBmicroscope

isalsocapableofobservinghardxrayBremsstrahlunginthe6-8keVrange,

whichtheCuKαimagerandHOPGSpectrometercannotview.
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Chapter5

GeVelectronsduetoa

transitionfromlaserwakefield

accelerationtoplasmawakefield

acceleration

Weshowthroughexperimentsthatatransitionfromlaserwakefieldacceler-

ation(LWFA)regimetoaplasmawakefieldacceleration(PWFA)regimecan

driveelectronsuptoenergiesclosetotheGeVlevel.Initially,theacceleration

mechanismisdominatedbythebubblecreatedbythelaserinthenonlinear

regimeofLWFA,leadingtoaninjectionofalargenumberofelectrons.After

propagationbeyondthedepletionlength,leadingtoadepletionofthelaser

pulse,whosetransverseponderomotiveforceisnotabletosustainthebubble

anymore,thehighenergydensebunchofelectronspropagatinginsidethebub-

blewilldriveitsownwakefieldbyaPWFAregime.Thiswakefieldwillbeable

totrapandaccelerateapopulationofelectronsuptotheGeVlevelduring

Thecontentsofthischapterhavebeenpublishedinthearticle:P.E.Masson-Laborde,
M.Z.Mo,etal.,Phys.Plasmas21,123113(2014).Thefirsttwoauthorscontributedequally
tothiswork.
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thissecondstage.Threedimensionalparticle-in-cellsimulationssupportthis

analysisandconfirmthescenario.

5.1 Introduction

ThepioneeringworkofTajimaandDawson[6]in1979,basedonthefactthat

anultrashortterawatt(TW)laserpropagatingthroughanunderdenseplasma

willexcitestrongplasmawakesthatmaytrapandaccelerateelectronsupto

highenergies,hasledtothedevelopmentofthelaserwakefieldaccelerator

(LWFA)concept.Sincethen,atremendousamountofprogresshasbeenmade

inimprovingthequalityandenergyofthegeneratedelectronbeams,with

thegoaltoreachtheGeV-level. Finally,inthepastdecade,priortowhich

timemostoftheexperimentalacceleratedelectronswerecharacterizedbyan

exponentialenergydistribution[98,99],highqualitymonoenergeticelectron

beamswerereportedbymanygroups[20,44,46,47,51,100,101,102,103].

Mostoftheseexperiments,wereconductedintheso-calledblowoutregime

or“bubble”regime,identifiedinmanysimulationsandtheoreticalanalyses

[12,34,38,104,105,106,107,108]wheretheelectronsareexpelledradially

fromthebeamaxisbythetransverseponderomotiveforceofthelaser,which

createsathreedimensional(3D)cavity(the“bubble”)emptyofelectrons.

Thisbubble,fullofions,issurroundedbyasheathofrelativisticelectrons,and

someofthemcanbeself-trappedandthenacceleratedtohighenergyleading

toamonoenergeticbunchofelectronsofhighquality.Thisaccelerationofthe

electronsbythestrongelectricfieldinsidethebubblewillbelimitedbythe

dephasinglength,resultinginamaximumenergygainthatcanbeestimated

fromthelaserandplasmaparameters[34]:

Emax(GeV)∼=1.7(
P

100TW
)1/3(
1018cm−3

ne
)2/3 (5.1)

wherePislaserpowerandneisplasmadensity.
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Relativisticelectronbunchescanalsobeusedtogeneratethefullexpulsion

oftheelectronsandtocreatetheacceleratingcavity.Thisprocesscalledthe

plasmawakefieldaccelerator(PWFA),isknownforyears[52,109],andis

commonlyusedinexperimentscarriedoutattheStanfordLinearAccelerator

Center(SLAC)usingGeVelectronbeamstodrivenonlinearplasmawaves

[53,57,110].InthePWFAregime,theponderomotiveforceofthelaseris

replacedbythespacechargeforceoftheelectronbeamintheradialexpulsion

oftheelectrons.InthePWFAregime,thephasevelocityofthewakeisthe

sameasthatoftheelectronbunch,andthereforewillbeindependentofthe

plasmadensity.Consequently,dephasingbetweentheacceleratedelectronsand

thedriveronlyoccurswhentheacceleratedbunchobtainshigherenergiesand

velocitiesthanthedrivingbunchandreachesthecenterofthebubble.Thisis

notthecaseinLWFA,wherehigh-energyelectronscanoutrunthefieldthat

movesatthegroupvelocity,dependingontheplasmadensity.Thisdifference

isanimportantadvantageofthePWFAregimecomparedtoLWFA.

Thereareindicationsinafewlaserwakefieldaccelerationexperimentsto

dateofpeakelectronenergiesabovethosethatwouldbepredictedbythe

scalinglawgivenbyEqn.5.1,leadingtothegenerationofhundredsof MeV

toGeVclasselectronsunderhigherdensityconditions[46,51,103,111,112].

Suchanenergyenhancementwasalsoobservedinoneoftheearliest3DPIC

simulationsofthelaserwakefieldprocessbyTsungetal.[38]whereitwas

observedthatasecondbunchofelectronswasacceleratedto0.84GeV.Hafzet

al.[46]alsocomparetheirresultstoPICsimulationsbutneitherHafzetal.or

Tsungetal.gaveclearexplanationsastothemechanismscausingtheenhanced

electronenergies. RecentlyHiddingetal.[113]proposedthecombination

oftheLWFAprocesswiththePWFAprocessinseparateplasmastocreate

andthenacceleratequasi-monoenergeticelectronbunches,carryingoutPIC

simulationsindicatingthatasecondary10pCbunchof500 MeVelectrons

couldbeacceleratedupto1GeVbya100pCprimarybunchof500 MeV
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electrons.Paeetal.[114]proposedthattherecanbeamodetransitionfrom

theLWFAprocesstothePWFAprocesswithinasingleinteractionplasma,

demonstratingina3DPICsimulationtheaccelerationofa16pCsecondary

bunchofelectronsupto320MeVbya200pCprimarybunchofelectronswith

peakenergyof380MeV.Inthiscasenoenergyenhancementwasdemonstrated.

Inamorerecentexperiment[115]astepdensitygasjetwasemployedtoobtain

injectionat7.5×1018cm−3andthenaccelerationover6mmofplasmaat

3.5×1018cm−3producingacontinuumofacceleratedelectronsupto1.5GeV

inenergy. Analysisoftheresultsusing2DPICsimulationsindicatedthata

secondarybunchofelectronswasacceleratedwithpeakenergiesupto1.8GeV

inamechanismtheydescribeasphaselockingwiththeplasmawake.However,

therewasnodiscussionastowhythisphaselockingoccursandnoindication

ofaquasi-monoenergeticbunch.

Inthischapter,wewillreporttheexperimentalresultsonlaserwakefield

drivenelectrongenerationachievedwiththe200TWbeamlineattheAd-

vancedLaserLightSource(ALLS)facilitylocatedatINRS,Varennes[85],

whichisaplatformdevelopedforhighintensityrelativisticlaser-plasmainter-

actionstudiesandforlaserwakefieldaccelerationstudies[50,51,79,116].In

theexperiment,GeVelectronshavebeenobservedwithself-injectioninrel-

ativelyhighdensityplasma,ontheorderof1×1019cm−3,producedbyan

ultraintenselaserpulseinteractingwithasingle-stagegasjet. Wewillshow

from3Dparticle-in-cell(PIC)simulations,thatthelevelofenergyobtained

andthecharacteristicsoftheelectronbeamscanbeunderstoodasatwo-stage

process,whereinthefirststagetheLWFAwillaccelerateadensebunchofhigh

energyelectrons,andthenafterthecompletedepletionofthelaserpulse,this

bunchwillcreateawakefieldinthePWFAregime,whichisabletoaccelerate

electronsclosetoGeVlevel. ThePICsimulationanalysisimpliesthatthese

GeVelectronscanbeseenasexperimentalobservationofthetwo-stageprocess

describebyRef.[113],indicatingthatthesingle-stagehybridplasmawakefield
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accelerationisafeasibleapproachtoachieveenergeticelectronbeams.

Thechapterisorganizedasfollows.Section5.2and5.3presenttheexper-

imentalsetupandtheexperimentalresultsrespectively.Section5.4presents

thesimulationresultsoftheexperimentandtheirinterpretation.Section5.5

and5.6summarizeourdiscussionsandconclusionsrespectively.

f/17,OAP

M1

M5

M4
L1

L2

Gastarget
W

Lanex
Fluorescent
screen 1.12T

magnet
0.84T
magnet

L3

Wollastonprism
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CCDcamera

Probe

M2

M3

e
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CCD
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5.2 ExperimentalSetup

Figure5.1:Schematicdiagramoftheexperimentalsetupforthelaserwakefield
accelerationexperiments. M1-M5:reflectivemirrors;OAP:off-axisparabola;
L1-L3:lenses; W:beamsplitterglasswedge.

Theexperimentswereperformedwiththe200TWlasersystemlocatedat

theCanadianAdvancedLaserLightSource(ALLS)facilityatINRS,Varennes

[85].The200TWlasersystemisacompactlasersystembasedonTi:Sapphire

technologyandchirpedpulseamplification(CPA)techniquewithacentral

operatingwavelengthof800nminahorizontalpolarization.Fortypicaldata
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shotsduringtheexperiments,thefacilitydeliveredlaserpulseswithenergyof

2.4Jandpulsedurationof30fsatfull-widthhalf-maximum(FWHM)ontothe

gastarget. AsshowninFig.5.1,the9-cm-diameterlaserpulseswerefocused

bya150cmfocallengthoff-axisparabola(OAP)ontothegastarget. The

vacuumfocalspotmeasuredwithasingle-lensimagingsystemshowsafull-

widthathalfmaximum(FWHM)diameterofapproximately22µm,within

whichareaitcontains∼25%ofthetotalenergy.Thefocusedpeakintensity

invacuumwasmeasuredtobeapproximately7.0×1018W/cm2,corresponding

toalasernormalizedvectora0of1.7.

Thegeneratedelectronbeamsweredispersedbytwoseparate10-cm-long

dipolemagnetswithmagneticfieldstrengthsof1.12Tand0.84Tontoa

Lanexfluorescentscreenthatwasplaced20cmafterthelastmagnet. The

fluorescenceemittedfromtheLanexscreenwascollectedbyanf/2.8aperture

lenssystemandimagedontoa12-bitchargecoupleddevice(CCD)camera.A

side-viewNomarskiinterferometerbasedona Wollastonprismasthebeam

splitter[89]wasemployedtomonitortheplasmadensity.Theprobebeamfor

theside-viewinterferometrycamefromthezero-orderdiffractionofthefirst

gratinginthecompressor,whichwasthencompressedwithanextracompressor

downto40fs.Thepathlengthoftheprobebeamisadjustabletogetvarious

delaysrelativetothemainpulse. Thesidescatteredlightemittedfromthe

laserplasmainteractionregionatananglenormaltotheplanespannedbythe

laserpolarizationdirectionandthepropagationdirectionwascollectedbya

top-viewimagingsystemtomonitortheplasmachannelformation.

Thegasjetwasformedbya5-mm-diametersupersonicconicalnozzlecon-

nectedtoapulsedsolenoidvalve(ParkerValve).Thenozzledesignwassimilar

tothatofSemushinetal.[88]withacriticalthroatdiameterof0.8mmand

lengthof10.5mm.Theworkinggasduringtheexperimentswaspurehelium.

ThedensityoftheheliumplasmawascalculatedbyuseofamodifiedAbel

inversionalgorithm[91],wheretheasymmetryofthefringeshiftsisweighted
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andintroducedintothefinalplasmadistribution,assumingacosθtransverse

asymmetrycontribution.Theuncertaintyofthemeasuredelectronenergywas

estimatedaccordingtoanelectronbeamshottoshotdivergenceof9.8mrad,

whichisderivedbasedonthestandarddeviationofthepositionsofthestraight

throughreferenceshotswhenbothmagnetswereremoved,leadingtoanerror

of(+311MeV\-196MeV)at1GeV.

5.3 ExperimentalResults

Theelectronenergyspectraobtainedatdifferentplasmadensities:4.70×1018

cm−3,1.05×1019cm−3and1.16×1019cm−3usinga5-mmgasjetwithalaser

powerof80TWareshowninFig.5.2(a).Theelectronenergyisdispersedinthe

horizontaldirectionwhiletheverticalprofileshowsthelateraldeflectionand

divergenceoftheelectronbeams.ThecorrespondingdN/dEelectronenergy

spectraintegratedoverthefullwidthforeachspectralimagenormalizedto

unityisplottedinFig.5.2(b).Pronouncedmonoenergeticpeaksrangingfrom

0.15toover1GeVhavebeenobservedindifferentshotsasshowninFig.5.2(a).

Moredistinctmonoenergeticfeatureswereobservedatthelowerelectronden-

sityof4.70×1018cm−3,whilemultiplebunchesandquasi-continuousinjection

starttodominateastheelectrondensitywasincreasedto1.05×1019cm−3and

1.16×1019cm−3.

ThetopimageofFig.5.2(a)showsatypicalelectronimageatplasmadensity

of4.70×1018cm−3. Fromtheimage,onecanseethatthereismerelyone

monoenergenticelectronbunchinthespectrum,whichhasaprominentpeak

at345MeVwithenergyspreadof10%,atotalchargeof7.3pCand1/e2beam

divergenceof12mrad. Whenincreasingtheplasmadensityto1.05×1019cm−3,

asshowninthemiddleimageofFig.5.2(a),threeseparatedelectronbunches

ofdifferentcharacteristicsareobserved.Tothehighenergyend,arelatively

weakmonoenergeticelectronbunch,havingatotalchargeof0.4pC,peaks
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Figure5.2:(a)Energyresolvedimagesoftheelectronbunchesforpurehelium
atplasmadensities,(1)4.70×1018cm−3,(2)1.05×1019cm−3,(3)1.16×1019

cm−3;Alltheimagesareplottedinthesamecolorrangewherethebrightness
representsthefluxoftheelectronsinarbitraryunits.(b)Correspondingnor-
malizedelectronnumberdensityperelectronenergy;Notethattheyaxisis
plottedinalogarithmicscale;Representativeuncertaintyofmeasuredelectron
energyat1GeVisindicatedbythemagentacirculardotandattachedbarsat
thetopoftheplot.

around1.03GeV.The1/e2beamdivergenceofthisGeVbunchwasmeasured

tobelessthan6mrad. Thesecondbunchtotheleft,peakingaround350

MeV,isalsomonoenergeticandhasatotalchargeof11.7pC.Comparedto

thefirsttwoelectronbunches,thethirdonepeakingaround175MeVspreads

moreindivergencebutcontainsalargertotalchargeof36.6pC.Atanelectron

densityof1.16×1019cm−3,asshowninthebottomimageofFig.5.2(a),more

continuousinjectionwasobservedwithhighenergyelectronsextendingupto

1.5+0.8−0.4GeV.Thesefeaturescanclearlybeseeninthelineoutplotsofelectron
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numberdensityperunitenergyinFig.5.2(b). Thetotalchargecontainedin

thisshotismeasuredtobearound245pC.Notethatthecalculatedcharge

fortheseelectronimagesisbasedonthemanufacturer’sspecificationsforthe

cameraresponseandtheimagingsystemopticalefficiency.Itisestimatedthat

theaccuracyofthisresultiswithinafactorof2.

Comparingthemaximumpeakenergiesachievedforthesethreeparticular

shots,onemaynoticethathigherenergybunchesofelectronsappearatthe

higherdensitieswhichiscontrarytotheexpecteddecreasingdephasinglength

andlowermaximumenergyobtainedwithincreasingdensity. Also,applying

Lu’sscalinglawformaximumenergygainasshowninEqn.5.1,onewouldex-

pectapeakelectronenergyof350MeVattheplasmadensityaround1.1×1019

cm−3foralaserpowerof80TWasemployedinthisexperiment.However,the

measuredGeVpeakenergiesaroundthisdensityasdepictedinthebottomtwo

imagesinFig.5.2(a)aremorethandoubleoftheexpectedvalue,whichaswe

willdemonstrateusingPICsimulationsisduetoanenergyboostmechanism

introducedbythetransitionfromLWFAtoPWFAoccurringathighplasma

density.ThedetailswillbediscussedinSec.5.4.EnergyspectrashowninFig.

5.2illustratetransitionfromtheLWFAmechanismtoPWFAwithincreasing

plasmadensity. AsthePWFAbecomesmoreefficientathigherbackground

densitiestheenergyspreadofacceleratedelectronsalsobecomeslargerconsis-

tentwithatheoryofPWFA[12].

Foreachshotthemaximumenergypeakwasdeterminedwhereadistinct

peakintheenergyspectrumwasobserved.Thisiscalledthemaximumpeak

energy.Fig.5.3plotstheaverageofthemaximumpeakenergiesachievedat

differentplasmadensities.Thegreendiamondsrepresenttheaverageofallthe

maximumpeakenergiesachievedatidenticalplasmadensity. Anaverageof

60shotsateachdensityweretakentoconductthestatisticsofthemaximum

peakenergies.Thebluedotsrepresenttheaverageofthetopthreemaximum

peakenergiesforeachdensity.Forcomparison,thepredictedaveragemaxi-
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Thelaserpropagationintheplasmacanbeexperimentallystudiedbylook-

ingatthesidescatteredlightemittedfromtheplasma,whichisduetothecom-

binedeffectofThomsonscattering[117,118]andRamanscattering[119,120].

Toaidintheunderstandingofthephysicsbehindtheobservedenergyboosting

phenomena,theplasmachannelimageswerecapturedduringtheexperiments

andareshowninFig.5.4,whichplotstwotypicalsidescatteredimagesachieved

atthesameplasmadensityof1.16×1019cm−3forpureHe. Amongthem,

thetoponeistheplasmachannelimagecorrespondingtotheGeVshot(the

bottomimage)asshowninFig.5.2(a).Asindicated,theplasmachannelsap-

peararound0.25mmbeforethelaserfocusandlastforlessthan2mmdue

tothepumpdepletion.Particularly,fortheGeVshotachievedatthisdensity

asshownintheFig.5.2(a),theplasmachannelisaround1.3mminlength.

Atthedensityof1.16×1019cm−3,theplasmawavelengthisestimatedtobe

9.82µmbyusingtheformula:λp[µm]=3.34×10
10/ ne(cm−3),andthe

pumpdepletionlength,approximatedby[34]Lpd=cτL(ω0/ωp)
2,wherecis

thelightspeedinvacuumandτListhelaserpulseduration,andω0andωp

arethelaserandplasmaangularfrequencies,isestimatedtoapproximately

1.4mm.Theestimatedpumpdepletionlengthagreesapproximatelywiththe

lengthofplasmachannelthatweobservedhere. Thecriticalpowerforself-

focusing,givenbyPc(GW)=17nc/ne,wherencisthecriticaldensitygivenby

nc=ω
2mε0/e

2(ε0isthepermittivityinfreespace),iscalculatedtobe∼2.6

TWatthedensityof1.16×1019cm−3,whichgivesaratioofP/Pcof31for

80TWlaser. Withthelaserpowergreatlyinexcessofthecriticalpowerfor

self-focusing,themodulatedstructuresofthesidescatteredimages,asshown

inFig.5.4,comeaboutasageneralresponsetotheself-oscillationsofbeam

propagatinginanonlinearmedium.[117,118]
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Figure5.4:(1)-(2)Sidescatteredimagesoftheplasmachannelsformedat
identicaldensityof1.16×1019cm−3achievedwiththetop-viewimagingsystem.
Notethatthefalsecolorinalloftheimagesisplottedinbase10logarithmic
scaletopresentclearerfeaturesoftheplasmachannel.Lineoutsoftheplasma
channelsaftertakinglogarithmarerescaledandoverlaidwiththeimages.The
nozzlecenterandthelaserfocuspositionaremarkedwithbluedashedlines.
Thelaserpropagatedfromrighttoleft.

5.4 Simulationsresults

Tounderstandthephysicsbehindtheenergydoublingphenomenathatwe

observed,weusethe3DfullyrelativisticPICcodeSCPIC[121],whichisa

successorofthecodeMANDOR[122,123]alreadyusedinmanylaser-plasma

applications. Thiscodeusesawell-knownYeeschemeforsolving Maxwell

equationsandtheBorisschemeforequationsofmotionofthemacroparticles.

Thelaserpulsepropagatesinthex-directioninafullyionizedplasma(yand

zbeingtransversedirections).Parametersarethesameasthoseusedinthe

experiment,thelaserwavelengthisλ0=0.8µm,thepulsedurationisτL=30

fsatfull-width-half-maximum(FWHM),andthelaserfocalspotisw0=22
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µmatFWHM.ThelaserpulsepeakintensityisI=7×1018W/cm2,corre-

spondingtoanormalizedvectorpotentiala0=1.7.Thelaserispropagating

ina5-mm-longplasma,withahomogeneousdensityofne=1.1×10
19cm−3,

correspondingtoanormalizeddensityofne/nc=5.7×10
−3withncthelaser

criticaldensity.Inourstudy,weuseamovingwindowandthesimulation

windowsizeis125λ0×78λ0×78λ0,andthetotalnumberofmacroparticles

usedisabout1.2×108.Basedonourexperimentalconditions,thepumpde-

pletionlength[34]isLpd=cτL(ω0/ωp)
2≈1.43mm,andthedephasinglength

isLd=(2/3)
√
a0(ω0/ωp)

2λp/π≈0.9mm,botharemuchsmallerthanthe

totallengthoftheplasma,sowemayexpectthatthelaserwillnotbeableto

maintainsufficientpowertoaccelerateelectronsuptothetotal5mmlength

long.Notethattheestimateofthepumpdepletionlength,Lpd,isconsistent

withthesidescatteredimageshowninFig.5.4wherethestrongscatteredlight

signalextendsoverthedistancecomparablewithLpd. Wewillshowthat,in

agreementwithRef.[114],tworegimescanbeidentifiedinoursimulations:an

earlystagetakesplacewhent<tpd≈Lpd/c≈5ps,duringwhichperiodthe

mainaccelerationmechanismisattributedtoLWFA,andthesecondstagewith

mechanismduetoPWFAcomesintoplaywhent tpd. Aswewilldiscuss

later,thetransitionfromtheLWFAtoPWFAoccursbecausethelaserisfully

depletedandcannotsustainthebubbleanymore.

5.4.1 LWFAregime

Inthefirststageofthepropagation,beforethepumpdepletionlength,the

laserwillundergostrongself-focusing(herewehaveP/Pc 30),andconse-

quentlythenormalizedpeakamplitudea0willgrowuptolargevalue,reaching

amaximumarounda0 7(Fig.5.5(a)). Atthesametime,theradiusof

thefocalspotwillbesignificantlyreduced. Manyusefuldiagnosticsofthe

pulseevolutioncanbefoundinRef.[124],andsomeofthemwereemployed

heretostudythepulseevolutionduringthepropagation. Ascanbeseenin
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Fig.5.5(b),whichshowsthenormalizedintensityweightedlaserradiusgiven

by:<w2>=
y2E2ydy

E2ydy
,[124]thelaserradiusdecreasestoaverysmallvalue

asitsamplitudeisgrowing(Fig.5.5(a))inthefirst500um’sofpropagation.

Thetransverseponderomotiveforceofthelaserexpelstheelectronsandcre-

atesanionchannel. WhentheCoulombforcefromtheionchannel,which

tendstopullbacktheexpelledelectrons,isequaltotheradialponderomotive

force,astablebubbleshapeisreached.Fromthisequality,wecanestimate

theblowoutradiusgivenbyR 2
√
a0/kp 10λ0,wherekpistheplasma

wavenumber,givenbykp=(2π/λ0) ne/nc 0.6µm−1.Fig.5.6(a)illustrates,

afterapropagationdistanceofL=1.2mm:(i)theelectrondensityne/nc

inthe2Dplane(x-y,z=0)(toppicture),(ii)alineoutofelectrondensityand

longitudinalelectricfieldEx(middlepicture)and(iii)theelectronnormalized

momentumpx/mec(bottompicture). Asindicated,electronsaretrappedin

thiscavityandareacceleratedupto250MeV,andthetotalchargeforthese

electronsisaround300pC.Thelasercontinuestopropagateandelectronsare

injectedandacceleratedaslongasthebubblestillexists. However,aftera

propagationofL=2.2mm,asseeninFig.5.6(b),thebubbleiselongatedin

thelongitudinaldirectionduetotheinjectionofalargenumberofelectrons,

alongwiththefactthatelectronsinjectedinsidethecavitystarttodephase,

despitethefactthattheacceleratingfieldisnotyetaffectedtoomuchbythe

beamloading[56,125]andkeepsasharpprofilealongthelongitudinaldirec-

tion. TheonsetoftheelectroninjectionduringLWFAregime,isrelatedto

thesuccessionofself-focusinganddefocusingperiodsduringthelaserpropa-

gation[126]. AsdepictedinFig.5.5(b)and(d),whichshowthelaserradius

andthenumberofmacroparticlesabove20MeVasafunctionofpropagation

distancerespectively,theinjectionandaccelerationstartswhentheminimum

laserradiusisreached,atwhichtimethelaserbecomesself-guided.
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Figure5.5:(a)Normalizedlaserpeakamplitudeasafunctionofpropagation,
(b)normalizedintensityweightedlaserradiusasafunctionofpropagation,
(c)normalizedintensityweightedlaserlengthasafunctionofpropagation,
(d)numberofmacroparticleswithenergylargerthan20MeV(solidline)and
largerthan500MeVasafunctionofpropagation(dashedline,multipliedby
50inordertofitinlinearscalewiththe20MeVcurve).Thepumpdepletion
lengthLpdisillustratedinallcurveswiththedashedline.

5.4.2 TransitionfromLWFAregimetoPWFA

AswecanseeinFig.5.5(a),beyondthedistanceoflaserpumpdeletion,the

laserpulsepeakamplitudebeginstostronglydecreasefromitsmaximumvalue

obtainedduringself-focusing. ForapropagationdistanceofL=2.2mm

(correspondingtoFig.5.6(b)),thepeakamplitudeisbacktoitsinitialvalue.

Afterthisdistanceofpropagation,theshapeofthepulseisstronglymodified

fromitsinitialshapeduetogroupvelocitydispersionandself-steepening[32,

127,128,129,130].Again,followingRef.[124],wecanlookatthenormalized

pulselengthgivenby:<L2x>=
(x−xmax)2E2ydx

E2ydx
,wherexmax istheposition
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Figure5.6:(a)Attimet=4ps,correspondingtoapropagationdistanceof
1.2mm(LWFAregime):(fromtoptobottom)2Dmap(x-yplane)ofelectron
density(normalizedtoρc);On-axislineoutofthelongitudinalelectricfield
(bluecurve)andelectrondensity(blackcurve);Electronnormalizedmomen-
tumpz/mc.(b)Samepicturesbutfortimet=7.5ps,orapropagationdistance
of2.2mm(endofLWFAregime).Both2Dmapsarescaledton=0.05nc

(longitudinal)ofthemaximumamplitudeofthelaserpulse.Thisquantityis

illustratedinFig.5.5(c),andwecanclearlyseethatafter2mmofpropagation

thedepletionofthepulseoccurs,leadingtoabroadeningofthepulselength.

Fromthismoment,ascanbeseeninFig.5.7(a)showingthedensity,longi-

tudinalelectricfieldandphasespaceafterapropagationdistanceofL=2.7

mm,theelectronsaredephased,anddespitethelowqualityofthetransverse

electricfield,thebubbleismaintained.However,thelongitudinalelectricfield

doesnothaveasharpprofileanymorebutalsoisaffectedbyabeamloading

effect. TheloadedchargeQandtheacceleratingfieldmodifiedbyQsatisfy
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Figure5.7:(a)Fortimet=9ps,atapropagationdistanceofL=2.7mm(be-
ginningofthePWFAregime):top:2Dmap(longitudinal-transverseplane)of
electrondensity(normalizedtoρc),middle:on-axislineoutofthelongitudinal
electricfield(bluecurve)andelectrondensity(blackcurve)andbottom:elec-
tronnormalizedmomentumpz/mc.(b)samepicturesbutfortimet=12ps,
soapropagationdistanceofL=3.6mm(PWFAregime).Allthe2Dmapare
scaledton=0.05nc.Theblackarrowinthepicturesindicatesthepositionof
theelectronsinjectedduringthePWFAregime.

thefollowingrelation[56]:

Q(nC)>1.5×10−3 1.1×1019cm−3/nc(kpRb)
4(
eEx
mcω0

)−1, (5.2)

whichillustratesthebalancebetweenthenumberofacceleratedelectronsand

thefield,Ex,producedbytheoriginalbunch. Thisischaracteristicforthe

PWFAandtheinteractionbetweenloadedchargeandtheacceleratingbunch

[56].Here,forourparameters,wefindthatbeamloadingwillbecomesignif-

icantforQ>1nC,whichisveryclosetothetotalchargeoftheelectrons
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injectedinsidethecavityuptothispropagationdistanceintheLWFAregime.

Theshapeofthelongitudinalelectricfieldshowsevidencethatthefirstleading

bunchofelectronsinsidethecavity,previouslyinjectedduringLWFAregime,

isnowdrivingtheaccelerationbyplayingtheroleofthewakefielddriver.Com-

parisonsbetweenlongitudinalandtransverseelectricfieldatthistimeandthe

timecorrespondingtoFig.5.6(a),areillustratedrespectivelyinFig.5.8(b)and

(a). Wecanseethat,whileinitiallythelaserpulseisdrivingthewakefield,at

latetime,thepositionoftheelectricfieldindicatesthattheremainingpulse

isnolongerthedriverofthewakefield.Furthermore,wecanobservethat,as

alreadyindicatedbyFig.5.5,thelaserpulseisfullydepletedandbroadened.

Inordertobesurethatthelaserisnotdrivingthewakefield,wemadePIC

simulationsusingasaninitialcondition,thelaserasitisattheendofthe

LWFAregime. Oursimulationsconfirmthat,becauseoftheeffectivelength

andamplitudeofthepulse,nowakefieldcanbegeneratedatthistime.

Atthispointweseeanotherpopulationofelectrons(positionx−ct 60

onFig.5.7(a)and(b)indicatedbytheblackarrow)isbeingacceleratedby

thelongitudinalelectricfieldwhichisnowdrivenbytheprimarybunchof

electrons.

5.4.3 PWFAregime

Whenthetransitiontoplasmawakefieldaccelerationregimeoccurs,wecan

trytoestimatethespatialfeaturesofthemainelectronbunchnowdrivingthe

wakefield. Byassumingabi-Gaussianprofilefortheleadingelectronbunch

suchthatnb=nb0exp(−x
2/2σ2x)exp(−r

2/2σ2r),withr
2=y2+z2,wecan

obtainforthetimecorrespondingtoFig.5.7(a),someestimatesoftheFWHM

radiusalongthelongitudinalaxis:σx 5λ0,suchthatkpσx 2,andalso

estimatesalongthetransversedirection:σr 1.2λ0,suchthatkpσr 0.6.At

thisparticularmoment,whenthesecondinjectionoccursboostedbythelongi-

tudinalelectricfieldcreatedbythebunch,thebunchdensitycanbeestimated
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Figure5.8:On-axislineoutofthelongitudinalelectricfield(blackcurve)and
transverseelectricfield(bluecurve)asafunctionofthepropagationdistance
for:(a)t=4ps,atapropagationdistanceofL=1.2mm(toppicture)and(b)
fortimet=9ps,atapropagationdistanceofL=2.7mm.
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asnb0/ne 7.Somevaluesestimatedatdifferenttimesduringpropagation

canbefoundinTable5.1.

Table5.1: EstimatesofFWHMradiusσxandσralonglongitudinaland
transversedirectionsfordifferenttimes,andleadingelectronbunchdensity
estimatesnb0/ne.

Time(ps) L(mm) kpσx kpσr nb0/ne
8 2.4 2.3 0.6 7
10.5 3.1 1.9 0.47 4.5
12 3.6 0.94 0.66 3
12.5 3.8 0.8 0.8 2

Theelectronbunchwillbeabletoexciteanonlinearplasmawakeifthe

bunchlengthisapproximatelythesameorderastheplasmaperiod,e.g.kpσx≤

1accordingtothetheorydeveloppedbyLuetal[106]. Aswecansee,after

morethan2.4mmofpropagation,whenthelaserisfullydepleted,thiscon-

ditionissatisfied.Also,thetransversegradientinthebunchprofileisalways

suchthatkpσr<<1,andthebunchdensityissuchthat1<nb0/ne<10.

Accordingtolineartheory[106],whichisvalidfornarrowshortelectronbeams

suchthatkpσr<<1andnb0/ne<10,theacceleratingfieldintheblow-out

regimeismaximizedforkpσx
√
2andisgivenby:

eEx
mcω0

≡
ne
nc
1.3
nb0
ne
k2pσ

2
rln

1

kpσr
(5.3)

Usingtheestimatesfromabove,wecanfindthatonceweenterintotheregime

ofPWFA,thetheoreticalvalueofmaximumfieldisgivenby eEx
mcω0

≈0.12,

whichisclosetoresultsfromPICsimulationaswecanseenonFig.5.8(b).

DuringthePWFAregime,asobservedonFig.5.7(b),thetransverseshapeof

thebubblehaschangedandtheradiusaroundtheleadingbunchisnotthesame

astheradiusinthemiddle,whichisatypicalbehaviorofthePWFAregime.

Intheblow-outregimeofPWFA,theblow-outradiusisnolongergivenbythe

matchingwiththelaserdriverkpR 2
√
a0,butinthiscaseitisgivenby[106]
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kpRth 2 nb0
ne
(kpσr)≡2

√
Λ,whereΛisthenormalizedchargeperunitlength.

BasedonthevaluesinTable5.1,wecanestimatethetheoreticalvaluesforthe

bubbleradiusinthePWFAregimefortwodifferenttimes:att=8ps(L=2.4

mm),wefindRth 8.5λ0,andatt=12ps(L=3.6mm)Rth 6λ0.InFig.5.9(a)

and(b)thetransversecross-sectionoftheelectrondensityisillustratedfortwo

differenttimes:fort=4psintheLWFAregimeandfort=12psinthePWFA

regime,andwecanseethatdespitethefactthatthebubbleismaintained,

itsradiusdecreases.InFig.5.9(c)isillustratedaline-outofthecross-section

oftheelectrondensity(herenormalizedtobackgrounddensity)fordifferent

timescorrespondingto(i)theLWFAregime(L=1.2mm),(ii)thebeginningof

thePWFAregime(L=2.4mm)and(iii)laterintimeduringthePWFAregime

(L=3.6mm).Theobservedvaluesofthebubbleradiusatthesetimesinthe

LWFAandPWFAregimesareconsistentwiththeoreticalpredictions,based

ontheamplitudea0forthefirstcase,andtheestimatesgivenaboveforthe

secondcasedependingontheradiusanddensityoftheleadingbunch.

AscanbeseeninFig.5.8anddiscussedpreviously,thelaserpulseatthis

timeisfullydepletedandisstronglydistortedfromitsinitialshape.Itismod-

ifiedbyself-phasemodulation,resultinginpulsesteepeningandpulsecom-

pressionandisalsosubjecttoafrequencyred-shifting.Thedensityvariations

inanacceleratingstructure,inparticularinthecentralregionbetweenthe

drivingbunchandthebeamloadwhereelectrondensityisdecreasingprovide

adynamicdielectricresponseresultinginthered-shiftingofthelaserlightfre-

quency[131].ThislongerwavelengthcanbeseeninFig.5.8(b)butappearsto

beseparatedfromthefrontofthepulse.Thisisduetothebunchofelectrons

injectedinsidethebubbledriveninthePWFAregime(Fig.5.7(a)).Indeed,

thislongerwavelengthofthelasercanbeestimatedtobearoundλ0 3λ0,

resultinginacriticaldensityaroundnc 2×1020cm−3,whilethebunchof
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Figure5.9:(a)and(b)Transversecross-sectionofelectrondensity,takeninthe
middleofthebubbleinthelongitudinaldirection,intheLWFAregime(t=4
ps,atapropagationdistanceofL=1.2mm)andinPWFAregime(t=12ps,
atapropagationdistanceofL=3.6mm).(c)line-outoftheelectrondensity
(normalizedtothebackgrounddensityne)alongthetransversedirectionfor
differentpropagationdistancesL=[1.2;2.4;3.6]mm.

injectedelectronsinsidethebubbleascanbeseeninFig.5.7(a)mayhavea

densityaroundne 1.8×1020cm−3(0.1ncdefinedatλ0=0.8µm). Conse-

quently,thisbunchofelectronswillbeovercriticalforthelongerwavelength

ofthelaserresultingina’trapped’radiationpulseseparatedfromthefrontof

thepulseascanbeseeninFig.5.8(b).

Thetimesequenceoftheelectronnormalizedmomentumpz/mcfor4dif-

ferenttimesduringthePWFAregime,showingthegrowthinenergyofthe
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Figure5.10:Timesequenceoftheelectronnormalizedmomentumpz/mcfor
4differenttimesduringthePWFAregime,showingthegrowthinenergyof
thesecondarybunchaswellasthedecreaseinenergyoftheleadingbunch.
Picturesareforthefollowingtimes:(a)t=7.5ps,(b)t=9.25ps,(c)t=11ps,
(d)t=16.5ps.

secondarybunchaswellasthedecreaseinenergyoftheleadingbunchisillus-

tratedinFig.5.10.OnceweenterinthePWFAregime,thesecondarybunch

ofelectrons(indicatedbytheredarrow),alreadyacceleratedbythelaserin

theLWFAregimetoalmost150MeV,isthenacceleratedduringthePWFA

regime. Atthesametime,theleadingbunch(indicatedbythebluearrow)

drivingthebubbleislosingenergy.

Atlatetime,electronsthatareacceleratedwillfinallyobtainγ 1500or

almost750MeV.AscanbeseenonFig.5.11,showingthedistributionfunc-

tiondN/dE,theboostingeffectduetothetransitiontoPWFAisapparent.

Initially,intheLWFAregime,theenergyoftheinjectedelectronscanbeesti-
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matedfromthescalinglawasshowninEqn.5.1.Thisgivesforourparameters

amaximumelectronenergyaroundE 270MeV,whichisclosetowhatwe

obtainintheLWFAregime(bluedashedcurveinFig.5.11).Nevertheless,the

boostingeffectduetothetransitiontoPWFA,whilethelaserisdepleted,can

clearlybeobservedandwillacceleratesomeelectronsupto750 MeV,with

anestimatedchargearound8pCforapeakenergyof700±100MeV.Inour

simulations,withtheresolutionwewereabletouse,wehavenotbeenableto

reproducetheexperimentalGeVlevel.Toobtainamorerealisticsimulation

oftheexperimentalobservations,abetterresolution(intermsofnumberof

particles)willbeneeded,becauseonlyasmallnumberofelectronswillbeac-

celeratedtothislevel.Also,smallvariationsinthedensityoftheplasmacould

changetheinitiallaserpropagationandconsequentlytheinjection/acceleration

processduringLWFA,andthustheevolutionoftheleadingelectronbunch.

ChangingthedensityofthebunchwillresultinadifferentPWFAregime,and

couldincreasethemaximumenergyobtainedinthesimulation.Inotherwords,

thephysicalmechanismthatcanexplainthehighenergies(largerthanscaling

duetoLWFAinbubbleregime)identifiedinoursimulation,appearstobevery

sensitivetothecharacteristicsofthefirstinjectedbunchduringLWFA.

Finally,thePWFAstagefinishesandtheaccelerationofelectronsstops,

whentheleadingbunchofelectronsoutruntherestofthelaserfield. The

electronsenduposcillatinginthesmall,butstillpresentlaserfield,andwon’t

beabletosustainthebubbleanymore,whichstopstheaccelerationinthe

PWFAregime.Becauseoftheseoscillationsinthelaserfield,theelectronsfrom

theleadingbunchtransferthisoscillatorymotiontotheentirebubble,which

isoscillatingtransversely,aswecanseeinFig.5.12,showingthenormalized

distributiondN/dEasfunctionoftheangleθdefinedasθ≡py/px,andtheγ

factor. Wecanonlyseeoscillationsofthebubbleintheplaneofpolarization

ofthelaser(herealongy)andnothingcanbeseeninthez-plane,which

clearlyindicatesthatthisisoscillationoftheleadingbunchinthelaserfield
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Figure5.11:(a)Electronnormalizedmomentumpx/mcafterapropagation
distanceofL=4.3mmand(b)distributionfunctionofelectronsdN/dEasa
functionofenergyinMeVforthreepropagationdistancecorrespondingtothe
LWFAregime(1.2mm),beginningofPWFA(2.4mm)andlaterinPWFA
regime(3.9mm).

whichcreatestheselargeoscillationsoftheentirecavity. Theseoscillations

oftheacceleratingcavityleadtoaccelerationofelectronsoff-axis,resultingin

betatronoscillationsinsidethebubbleoftheseacceleratedelectrons[61,62,

132,133,134,135].
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Figure5.12: Normalizeddistributionofelectronsasafunctionofenergy(γ
factor),andtheangleθ(inradians)definedasθ≡py/pxfortwodifferentprop-
agationdistancesL=3.3mm(left)andL=3.5mmshowingthelargetransverse
oscillations.

5.5 Discussion

WenowdiscussthegenerationoftheGeVelectronsinHelium.Thishighlevel

ofenergy,whichisindisagreementwithbubblewakefieldscalinglaws,cannow

beexplainedinviewoftheanalysisusing3DPICsimulationsbymeansofa

two-stageprocesswhereaninitiallaserwakefieldaccelerationregimeisfollowed

byaplasmawakefieldaccelerationregime.Theexperimentalobservationsare

consistentwithanumberofsignaturesofthistwostepprocesswhichcanbe

derivedbothfromtheanalyticalscalinglawsandfromthe3Dsimulationresults

presented.

Firstly,thepumpdepletionlengthisexpectedtobeoftheorderof2mm,

muchlessthanthelengthofthegasjet.Atthedensitiesofthecurrentexper-
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iments,1019cm−3thedepletionofthelaserpumpbeamoccursquiterapidly

andthereisnotenoughlaserpowertodrivetheaccelerationofthebubble

acrossthefulllengthofthegasjet.Indeedthiscanbeseenwhenlookingat

thesidescatteredlightfromtheinteractionprocesswhichisonlyobservedof

overthefirst1to2mmoftheinteractionprocessasshowninFig.5.4.Inad-

dition,thedephasinglengthfortheLWFAprocessissimilar,oftheorderof2

mm,andthusevenifthelaserpulsewerenotdepletedtheelectronswouldstart

todephaseandloseenergyatthispoint. However,iftheelectronbunchhas

alargeenoughchargeitwillstarttoperturbthebubblefield(beamloading)

andasthelaserpulsediesitwilltakeoverasthedriverofthebubble.During

thetransitionfromlaserdriventoelectrondrivenbubbletheperturbationin

thebubbleshapeandplasmadynamicscanpotentiallyaidintheinjectionof

asecondelectronbunch.

Onceasecondarybunchofelectronsisinjectedintothetailofthecavityit

canthenbeacceleratedthroughouttheremaininglengthofthegasjetsystem

toenergieswhicharemuchhigherthanthoseofthedrivingelectronbunchas

hasalreadybeenobservedinpureplasmawakefieldacceleratorexperiments.

Fromthe3DPICsimulationitisobservedthatthesecondbunchreachesan

energyofapproximatelydoublethatofthedrivingelectrons.Becausethereis

nolongeradephasinglengthlimittheresultantenergycouldinprinciplebe

evengreaterthanthis,dependingonthestengthofthechargeofthedriving

bunchandthelengthofinteractiondistanceavailable.Inthesimulationsof

Paeetal.[114]itappearsthatinthecasewheretheelectrondensitywasslightly

lower,7×1018cm−3,theprimarybunchofelectrononlyhadachargeof200

pCandonlyledtoaccelerationofthesecondarybunchupto320 MeV,a

similarenergytothatoftheprimarybunch.Inthepresentsimulationthe

largerchargeintheprimarybunch,oftheorderof1nC,allowedforthemuch

strongeraccelerationofthesecondarybunchuptodoublethedriverelectron

energy.
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Astheprimaryelectronbunchovertakesthelaserpulse,theoscillatoryEM

fieldofthelaserpulseisstillsufficienttopenetrateintothecavityandstart

toperturbthesecondaryaccelerationprocess.Thelaserpulseatthispointis

stronglydistortedduetoselfphasemodulationandselfsteepening. Ascan

beseeninFig.5.8(b)theleadingedgeiscompressedwhilethetailofthepulse

stretchedtoalowerfrequencyofapproximately1/3oftheinitialfrequency.

Duetothisredshift,theradiationisnowtrappedwithinthetailregionof

thebubblebecauseofitsmuchlowercriticaldensity. Thisresidualfieldhas

theeffectofinducingtransverseoscillationsinthebubblestructureandinthe

secondaryelectronbunchwhichinturncouldleadtobetatronoscillationsand

enhancedbetatronemission. Atthesametimeitperturbstheacceleration

processandleadstoaterminationofthestrongaccelerationphase.

Fromtheabove,onewouldconcludethatthecombinedLWFA/PWFApro-

cessrequiresanumberofconditionsinordertoleadtoeffectiveenhancementof

theelectronenergiesabovethoseobtainedbypureLWFAinasimilarsystem.

Firstly,alargechargebunchofprimaryelectronsmustbeproducedinorderto

drivethesecondaryPWFAprocess.Thisrequiresgoodinjectionandfairlyhigh

electrondensityinordertocreatesuchabunch.Itwouldbeexpectedthatthis

chargebunchshouldbeoftheorderofchargethatwouldcausesignificantbeam

loadingeffectssincethisbuncheventuallyshouldcreateafieldstrongenoughto

takeoverdrivingthewakefieldbubblebyitself.Secondly,thepumpdepletion

lengthshouldbeapproximatelyequaltothedephasinglengthsothatjustas

thepumpstartstofadeawaytheprimaryelectronbunchreachesthefrontof

thebubbletostartdrivingthewakeitself.Theselengthsshouldbesignificantly

shorterthanthegasjetlengthinorderforthesubsequentplasmawakefield

processtobeeffectiveinacceleratingasecondarybunchofelectrons. Both

oftheseconditionswouldindicatethattheobservationofsignificantPWFA

accelerationwouldrequirehigherdensityplasmassettingalowerdensitylimit

forobservingsignificantenhancements.Indeed,lookingattheexperimental
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resultsshowninFig.5.3itappearsthattheenhancementsareseenforelectron

densitiesaboveapproximately8×1019cm−3.Ontheotherhandasonegoesto

muchhigherdensitiestheinitialwakefieldaccelerationprocessnolongerwould

producedistinctelectronbunchesandwouldleadtotheheatingofabroad

distributionofelectronenergiesinstead,thusdispersingtheprimaryelectron

bunchandreducingitseffectivenessindrivingthePWFAaccelerationprocess.

Thisiscompoundedbythefactthatasthedensityincreases,anevenhigher

chargedensitywillberequiredtoeffectivelydrivetheprocessinthehigher

densityplasma.Atthesametime,atthehigherdensitiestheinitialpeakelec-

tronenergyreduceswithdensityandthustheboostedelectronenergieswill

alsodropaccordingly.Thus,onemightexpectthatthecombinedprocessbe-

comeslesseffectiveathigherdensities.Thesetwoconditionsleadtoawindow

ofdensitieswhereonecouldobtainthemaximumboostedenergiesforagiven

laserpower,wavelengthandfocalgeometry.Inourcaseascanbeseenfrom

Fig.5.3itappearsthatthisdensityrangeisapproximately8×1018cm−3to

2×1019cm−3.

5.6 Conclusion

Inthischapter,wehavepresentedexperimentalresultsofwakefieldaccelera-

tion,showingthegenerationofGeVelectronsinHelium.Thesehighelectron

energies,whichareapproximatelydoublethosefromanalyticallaserbubble

wakefieldscalinglawscanbeunderstoodasalaserwakefieldprocessfollowed

byaplasmawakefieldprocess.Thecharacteristicsofthistwostageprocessare

clearlyidentifiedinthe3DPICsimulationsunderconditionssimilartothose

oftheexperiment.Thekeycomponentsoftheprocessincludethecreationof

alargeprimaryelectronchargebunch,apumpdepletionlengthapproximately

equaltothedephasinglengthsothattheprimarybunchcantakeoverdriving

theplasmawakejustasthelaserpulselosesitsdrivingstrengthandsuffi-
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cientremainingplasmalengthfortheplasmawakefieldaccelerationtoboost

asecondbunchofelectronsuptoGeVenergies.Theseconditionscanbemet

withinarangeofdensitieswhichinthecaseofthecurrentexperimentisap-

proximatelyintherangeof8×1018cm−3to2×1019cm−3.Thepresentresults

indicatethatattainmentofenergiesapproximatelydoublethosefromLWFA

alonecanbeachievableunderwellcontrolledconditions.Clearly,furtherwork

isrequiredbothexperimentallyandtheoreticallytounderstandthedetailed

characteristicsofthistwostageprocess.
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Chapter6

Quasimonoenergeticelectron

beamsfromlaserwakefield

accelerationinpurenitrogen

Quasimonoenergeticelectronbeamswithmaximumenergy>0.5GeVand

2mraddivergencehavebeengeneratedinpurenitrogengasviawakefieldac-

celerationwith80TW,30fslaserpulses.Longlowenergytailfeatureswere

typicallyobservedduetocontinuousionizationinjection.Themeasuredpeak

electronenergydecreasedwiththeplasmadensity,agreeingwiththepredicted

scalingforelectrons.Theexperimentsshowedathresholdelectrondensityof

3×1018cm−3forself-trapping. OurexperimentssuggestthatpureNitrogen

isapotentialcandidategastoachieveGeVmonoenergeticelectronsusingthe

ionizationinducedinjectionschemeforlaserwakefieldacceleration.

Thecontentsofthischapterhavebeenpublishedinthearticle: M.Z.Mo,etal.,Appl.
Phys.Lett.100,074101(2012).
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6.1 Introduction

Theproposaloflaserdrivenelectronacceleration[6]andinventionofthe

chirpedpulseamplification[136]haveenabledthedevelopmentofcompact

laserbasedaccelerators.Inthepastfewyears,significantadvanceshavebeen

madeinlaserdrivenplasmabasedacceleratorswithacceleratinggradientsex-

ceeding100GeV/m[20,45,46,47]. Experimentswithelectronenergiesof

nearandover1GeVhavebeenreportedtodateusinggasjets,[39,46,47,48]

gascells[48,20]andcapillarydischargewaveguides.[45]Inthetraditionalself

injectionLaser WakefieldAcceleration(LWFA)scheme,pureheliumgashas

generallybeenusedasinteractionmediumforself-injectionwithlowerdensi-

tiesusedtoextendthedephasinglengthdistanceoverwhichaccelerationoccurs

togainhigherelectronenergies.Inself-injectionLWFAusinggas-jettargets

[39,46,47,48]theenergyofelectronswaslimitedbydephasinglengthtothe

rangeof0.7to1GeV.Longerinteractionlengthsusingevenlowerdensities

canbeobtainedusingcapillarydischargewaveguidestoacceleratehighquality

electronpulseswithenergiesofuptoandover1GeV[45].

Recently,ionizationinducedinjection[137,138]hasbeenintroducedby

mixingcontrolledamountsofN2[31,42]orCO2[20]withHetoproduceelec-

tronbuncheswithaccelerationclosetothemaximumdephasinglengthtogive

electronenergiesupto1.45GeV[20],withincreaseinchargeanddecrease

indivergence[31]ascomparedtoselfinjectionconditions.Experimentsand

simulations[42]demonstratethationizationinducedinjectionhasalowerin-

tensitythresholda0∼2,wherea0=(eE)/(mωc)withetheelectroncharge,

Etheelectricfield,mtheelectronmass,ωtheangularfrequencyandcthe

lightspeed,ascomparedtoselfinjectionwhichrequireshigherlaserintensity

oftheorderofa0≥4[38].

TheadditionofhigherZgasesiscapableofgeneratingelectronbeamswith

highchargeandlowemittancerequiredforapplicationssuchasx-raygenera-
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tionthroughcomptonscattering[139]orbetatronoscillation[140].However,

theuseofhigherZgasesforwakefieldaccelerationhasnotbeenextensively

exploredduetotheexpectationthationizationinduceddefocussingwillcom-

petewiththerelativisticselffocusingrequiredforwakefieldacceleration.[141]

Afewexperiments[79,142,143,144]havereportedquasimonoenergeticelec-

tronbeamsintherangeof7to50MeVusing∼2−10TWlaserpulsesfocused

onpurenitrogengas-jets.RecentPICsimulationshavepredictedthatquasi-

continuous,lowdivergencemonoenergeticelectronbeamswithpeakenergyin

therangeof10MeVcanbegeneratedbyusingultra-short,KHzrepetitionrate

mJlaserpulses[145],andquasimonoenergeticcollimatedGeVelectronscanbe

producedbyfocusingintopureNitrogengasandusingionizationinjection

[146]. ThusitisofinteresttostudywakefieldaccelerationinpureN2under

self-injectioncondition.Thesepreviousresultshavemotivatedthecurrentex-

perimentalinvestigationsofionizationinducedinjectioninpureNitrogenfor

LWFAathigherlaserpowers.

Inthischapterwereportthatpurenitrogencanbeusedtoexciteauniform

plasmatoaccelerateelectronsover0.5GeVintheionizationinjectionregime

using80TWlaserpulses.

6.2 ExperimentalSetup

TheexperimentswerecarriedoutattheCanadianAdvancedLaserLight

Source(ALLS)facilitylocatedatINRS,Varennes[85]andtheexperimental

setupwassimilartotheoneshowninFig.5.1. Alinearly-polarized800nm

laserpulsewithanenergyof2.4Jandpulsedurationof30fsatfull-width

half-maximum(FWHM)isfocusedontoasupersonicgasjettarget.The9-cm-

diameterlaserpulseswerefocusedbya150cmfocallengthoff-axisparabola

(OAP)ontothenitrogengastarget.TheFWHMofthefocalspotwasmea-

suredtobe20µm.Theenergiescontainedinthespotdiametersof20µm,40
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µmand60µmare20%,36%and72%ofthetotalenergyrespectively. The

Rayleighrangebasedonthe1/e2intensityradiusofw0=17µm,Zr=πw
2
0/λ,

isestimatedtobearound1mm,whereλisthevacuumwavelength. The

focusedpeaklaserintensityandthecorrespondingnormalizedvectorpoten-

tial,a0,arearound7.2×10
18W/cm2and1.8respectivelyinourexperiments.

Generatedelectronbeamsweredispersedbytwoseparate10-cm-longdipole

magnetswithmagneticfieldstrengthsof1.12Tand0.84TontoaLanex

screenplaced20cmaway. ThefluorescenceemittedfromtheLanexscreen

wascollectedbyanf/2.8aperturelenssystemandimagedontoa12bitcharge

coupleddevice(CCD)camera.

Thegasjetwasformedfroman1-cm-diametersupersonicconicalnozzle

fedfromapulsedsolenoidvalve(ParkerValve). Assumingthechargestate

ofNitrogenis5+[141],theelectrondensityisestimatedtorangefrom2.2×

1018cm−3to1.1×1019cm−3forbackingpressuresofthejetfrom200to1000

Psi.

6.3 Experimentalresultsanddiscussions

Fig.6.1.ashowstypicalquasimonoenergeticelectronimagesobtainedatdif-

ferentplasmadensities. Theelectronenergyisdispersedinthehorizontal

directionwhiletheverticalprofileshowsthelateraldeflectionanddivergence

oftheelectronbeams.Fig.6.1.bpresentsthecorrespondinglineoutsoftheelec-

tronimages,whichhavebeendeconvolvedtogiveelectronnumberperMeV.

NotethatthebrightfeaturesvisibleatthehighestenergyasseeninFig.6.1.a

manifestthemselvesaspeaksinFig.6.1.b. Alsoobservedarethelonglower

energytailsfollowingthehighenergypeaks,indicatingthecontinuousinjec-

tionandtheaccelerationofliberatedK-shellelectronsfromNitrogen.Such

electronbuncheswithlong-tailfeaturesoccurredin55%ofthetotalshots

whereelectronswereobserved,whereastherestarebroadelectroncloudswith
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randomlateraldistributions.SimilarfeatureswerealsoreportedinRef.[42],

whereamixtureofHeandN2(9:1)wasusedasthegastarget.Asshownin

Fig.6.1,themaximumpeakelectronenergyof550±70MeVwasmeasuredat

ne=4.3×10
18cm−3,withan1/e2divergenceangleof2±0.1mrad.Theerror

baroftheenergywasestimatedbasedonthestandarddeviationoftheposi-

tionsofthestraightthroughreferenceshotswhenbothmagnetswereremoved.

Measurementsshowthataround20%oftotalshotsobservingelectronsgave

suchquasimonoenergeticelectronpeakswithenergygreaterthan400MeV.

Fig.6.2.ashowsthemaximumpeakelectronenergiesthatweremeasured

overarangeofplasmadensities. Notethatthemeasuredelectronenergy

decreaseswiththeplasmadensity,whichagreeswiththedephasinglength

becomingshorterandoverallaccelerationlesswithincreasingthedensity.The

observedtrendagreeswiththepredictedmaximumenergygainofelectron,

whichisgivenby[34]Emax(GeV)=1.7(P/100TW)
1/3(ne/10

18cm−3)−2/3.

Fig.6.2.bshowsthetotalchargeofelectronswithenergiesgreaterthan200

MeVasafunctionofelectrondensity.Thechargeherewascalculatedbytak-

ingtheaverageofallshotsthatshowedelectronsignalsabove200MeVatthe

samegasdensity.Thecalculatedchargeisbasedonthemanufacturer’sspecifi-

cationsforthecameraresponseandtheimagingsystemopticalefficiency.Itis

estimatedthattheaccuracyofthisestimateiswithinafactorof2.Thecharge

dropsfrom28pCto5pCastheelectrondensityisreducedfrom1×1019cm−3

to3×1018cm−3,belowwhichnoelectronswereseenontheLanexscreenabove

200MeV.Theobservationofsuchaminimumthresholddensityfor>100MeV

electronshaspreviouslybeenreportedforhelium[48].Averagingoverallthe

shotsatdifferentdensitiesgivesameanbeamchargeof15pCforelectronen-

ergy>200MeV.Assumingameanelectronenergyof350MeV,theconversion

efficiencyfromlasertothefastelectronsisontheorderof2×10−3.

Theobserveddensitythresholdfortheselfinjectionandtrappingcouldbe

explainedbythecombinationofself-focusingandionizationinducedinjection.
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Therequiredlongaccelerationlengths,severalRayleighlengths,isachieved

byrelativisticself-focusingofthepropagationbeam. Stableselfguidingis

achievedwhenthelaserspotsizeismatchedtothebubbleradius,Rb,bythe

approximaterelation:w0∼Rb=2
√
a0/kp∝n

−1/2
e ,wherew0isthegaussian

lasere-foldingfieldamplitudespotradiusandkpisthepropagationconstantof

theplasmawave.[34]Astheplasmadensitydecreases,thebubbleincreasesin

sizeandeventuallyexceedsthelaserspotsizeinthecaseoflowdensity,thus

violatingtheoptimumguidingcondition. Becauseofthelargedifferencein

ionizationpotentialbetweenK-shellelectrons(552eVand667eVforN6+and

N7+respectively,requiringIL∼10
19W/cm−2toionize)andL-shellelectrons

(98eVforN5+,requiringIL∼2×10
16W/cm−2toionize),theL-shellelectrons

arepreionizedbytheleadingfrontofthelaserpulseandformtheelectron

sheathofthebubble,whereastheK-shellelectronsareproducedatthepeak

ofthelaserpulseandcirculatearoundtotheinsidebackedgeofthebubble,

resultinginelectrontrappingandaccelerationinsidethebubble.Forthecase

oflowdensity,thelargerbubbleandbeamsizeresultinalaserintensitythatis

toolowtoionizetheK-shellelectrons,thusturningofftheionization-injection.

6.4 Conclusion

Inconclusion,theexperimentshavedemonstratedthatquasimonoenergetic

electronbeamswithpeakenergies>0.5GeVanddivergenceaslowas2mrad

canbeachievedwitha1-cm-longpurenitrogengasjetataplasmadensityof

4.3×1018cm−3.Long-tailfeatureswerealsoobservedintheelectronbeams

duetocontinuousinjection. Themeasuredpeakelectronenergydecreased

withtheincreasingplasmadensity,whichagreeswiththepredictedmaximum

energygainscalingforelectrons.Experimentsalsoshowathresholddensityof

3×1018cm−3forself-trapping.Ourexperimentssuggestthatbyusinghigher

laserpowerandlowerdensities,pureNitrogenisapotentialcandidategasto
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achieveGeVlevelmonoenergeticelectronsintheionizationinducedtrapping

schemeforlaserwakefieldacceleration.
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Chapter7

Generationof500 MeV-1GeV

EnergyElectronsfromLaser

WakefieldAccelerationvia

IonizationInducedInjection

usingCO2mixedinHe

Laserwakefieldaccelerationof500 MeVto1GeVelectronbunchesis

demonstratedusingionizationinjectioninmixturesof4to10%ofCO2in

He. 80TWlaserpulseswerepropagatedthrough5mmgasjettargetsat

electrondensitiesof0.4−1.5×1019cm−3.Ionizationinjectionledtolower

densitythresholds,ahighertotalelectronchargeandanincreasedprobability

ofproducingelectronsabove500MeVinenergycomparedtoself-injectionin

Hegasalone.ElectronswithGeVenergieswerealsoobservedonafewshots

andisindicativeofanadditionalenergyenhancementmechanism.

Thecontentsofthischapterhavebeenpublishedinthearticle: M.Z.Mo,etal.,Appl.
Phys.Lett.102,134102(2013).
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7.1 Introduction

Laserwakefieldacceleration(LWFA)[6]isapromisingapproachtorealize

table-topacceleratorsbecauseoftheextremelyhighacceleratinggradients

whichcanbeachieved.InLWFA,anultra-intenselaserisappliedtodrive

anunderdenseplasma,creatingapositivelychargedwakeor’bubble’dueto

thefactthatelectronsareexpelledfromthebeamaxisbytheponderomotive

forceofthelaserandformanelectronsheathsurroundingtheimmobileions.

Electronswillbeinjectedintothebubbleiftheygainsufficientenergytocatch

upwiththebubblebeforetheyfallbackonaxisinthetailinthewake.[31]The

injectedelectronscanthenbeacceleratedbythestrongelectricfieldwithinthe

bubbleuntiltheyreachthecenterofthebubbleoverapropagationdistance

ofthedephasinglength.Themaximumenergygainfortheelectronsissimply

theproductoftheaveragelongitudinalelectricfieldinsidethewakeandthe

dephasinglength,whichisgivenbyLu’sscalinglaw[34]:

Emax(GeV)∼=1.7(P/100TW)
1/3(1018cm−3/ne)

2/3 (7.1)

wherePislaserpowerandneisplasmadensity. Toensurethemaximum

electricfieldneededforgeneratingtheseenergeticelectrons,stablelaserself-

guidinginsidetheplasmaisrequired,whichcanbesatisfiedoncethelaserspot

sizeismatchedtothebubbleradius,Rb,bytheapproximaterelation:[34]w0∼

Rb=2
√
a0/kp∝n

−1/2
e ,wherew0isthegaussianlasere-foldingfieldamplitude

spotradius,kp=2π/λpwhereλpisplasmawavelength,a0=(eE)/(mωc)with

etheelectroncharge,Etheelectricfield,mtheelectronmass,ωthelaser

angularfrequencyandcthespeedoflight.

Theinjectionprocessintothewakefieldbubbletosomeextentdetermines

thecharge,divergence,energygainaswellastheenergydistributionofthe

acceleratedelectrons. Traditionally,selfinjectionusingpurehelium[39,46,

47,48,100]orhydrogen[45]gasastheinteractionmediumwasemployedto
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acceleratetheelectrons. However,veryhighlaserpowersorhighdensities

arerequiredtoinitiatetheselfinjectionandtheenergygainislimitedby

dephasinglengthtotherangeof0.7to1GeV[39,46,47,48]. Recently,a

newtechnique,ionizationinducedinjection,whichtakesadvantageofthelarge

ionizationpotentialdifferencebetweentheouterandinnershellelectronsof

traceatomsintheplasma,hasbeenproposedanddemonstratedtoperform

betterthanself-injectioninafewrespects,i.e.generatingenergeticelectrons

atlowerthresholdlaserpowers,[42]increasingthebeamchargeandreducing

thebeamdivergence.[31]Recently,Claytonandhiscolleagues[20]foundthat,

underthematchedandself-guidingconditions,ionizationinjectioncantrap

electronsinsidethebubblewithplasmadensitybelow1.5×1018cm−3using

a1.3-cmlonggascell,producingelectronswithenergyupto1.45GeV.The

ideaofionizationinjectionwasalsoemployedinacascadedlaserwakefield

acceleratorwheretheelectroninjectionandaccelerationareseparatedand

manipulatedintwodifferentgascells,generatingnearGeVquasimonoenergetic

electronbeamswithplasmadensitiesofapproximate5.7×1018cm−3and2.5×

1018cm−3inthefirstandsecondgascellrespectively.[49]

Inthischapter,weinvestigatetheionizationinjectionininteractionlengths

shorterthan5mmandathigherplasmadensitiesrangingfrom4×1018cm−3

to1.5×1019cm−3using80TWlaserpulses.Byadding4%CO2intoHe,300

MeVtoGeVenergyelectronbunchesweregeneratedathigherchargedensity

andwithhigherprobabilityofobtainingelectronsabove500 MeVthanself

injectioninHealone.Suchimprovedperformancecanbeusefulintheactual

applicationofLWFAinelectrongenerationandacceleration.

7.2 Experimentalsetup

TheexperimentswereconductedattheAdvancedLaserLightSource(ALLS)

facilitylocatedatINRS,Varennes.[85]Intheseexperiments,800nmlaserpulses
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withenergiesof2.4Jandpulsedurationsof30fsatfull-widthhalf-maximum

(FWHM)wereemployed. A150cmfocallengthoff-axisparabola(OAP)lo-

catedinsidethetargetvacuumchamberwasusedtofocusthe9-cm-diameter

laserpulsesontothegastarget.TheFWHMofthefocalspotwasmeasured

tobe24µm. Theenergycontainedinthespotdiameterof24µmis30%

ofthetotalenergy.TheRayleighrangebasedonthe1/e2intensityradiusof

w0=20µm,Zr=πw
2
0/λ,isestimatedtobearound1.5mm,whereλisthe

vacuumwavelength.Basedonthemeasuredfocalspotintensitydistribution,

thepeakfocusedlaserintensityandthecorrespondingnormalizedvectorpo-

tential,a0,areapproximately7.3×10
18W/cm2and1.9respectivelyinour

experiments.Aside-viewNormarskiinterferometer[89]basedona Wollaston

prismasthebeamsplitterwasemployedtoprobetheplasmaformationandits

density.Theprobebeamfortheside-viewinterferometrywasobtainedbysplit-

tingthemainlaserpulsebeforecompressionanditspathlengthwasadjustable

toobtainvariousdelaysrelativetothemainpulse.Thegaswaspulsedfroma

commercialParkerValve(Model009-181-900)connectedtoa5-mm-diameter

supersonicconicalnozzle.Thedensityoftheplasmawascalculatedbyuseof

modifiedAbelinversionalgorithm[91,92],wheretheasymmetryofthefringe

shiftsisweightedandintroducedintothefinalplasmadistribution,assuminga

cosθtransverseasymmetrycontribution.Theaccuracyofthecalculatedden-

sityisestimatedtobewithin±15%,whichappliestoallthedensityvalues

hereafter.Inordertoinvestigatetheelectrongenerationviaionizationinjec-

tion,twopartialpressures(4%and10%bypressure)ofCO2inthegasmixture

wereselectedfortheexperiments.

Thegeneratedelectronbeamsweredispersedbytwoseparate10-cm-long

dipolemagnetsinserieswithmagneticfieldstrengthsof1.12Tand0.84T

ontoaLanexscreenplaced20cmbeyondtheexitofthesecondmagnet.The

fluorescenceemittedfromtheLanexfilmwascollectedbyanf/2.8aperture

lenssystemandimagedontoa12bitCCDcamera(PointGray).Thecharge
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ofelectronsiscalculatedbasedonthemanufacturer’sspecificationsforthe

cameraresponseandtheimagingsystemopticalefficiency.Itisestimated

thattheaccuracyofthisvalueiswithinafactorof2.Theuncertaintyofthe

measuredelectronenergywasestimatedaccordingtoashot-to-shotpointing

stabilityof10mrad,whichisderivedbasedonthestandarddeviationofthe

pointingpositionsofreferenceshotswhenbothmagnetswereremoved.This

leadstoanerrorof(+300MeV\−200MeV)at1GeVandsignificantlylower

errorsatsmallerenergies.

7.3 Experimentalresultsanddiscussions

Fig.7.1(a)-(c)showenergyresolvedimagesoftheelectronbeamswith4%CO2

forplasmadensitiesof8×1018cm−3and1.1×1019cm−3.Thecorresponding

dN/dEelectronenergyspectraintegratedoverthefullwidthforeachspectral

imagenormalizedtounityisplottedinFig.7.1(d).Fig.7.1(a)and(b)showthe

typicalelectronenergyspectraobservedatthedensityof8×1018cm−3,where

anisolatedhighenergybunchwithnarrowdivergenceandnarrowenergyspread

isaccompaniedbyaseparatelowenergytailtypicallywithoneormorepeaks.

Thesetwoseparatebunchesareofdifferentcharacteristics,thehighenergy

bunchesinthetwocaseshavepeakenergiesof860+220−150MeVand760
+160
−120MeV,

withFWHMlateraldivergenceof2.8mradand4.4mrad,andtotalchargesof

7pCand15pCrespectively;Inthefirstcase,thesecondbunchhasauniform

shapebutwithasinglepeakenergyat450MeV,andatotalchargeof263pC

above140MeV.ThelowerenergytailofthesecondcaseasshowninFig.7.1

(b)hasthreedistinctpeaks(168 MeV,223 MeVand311 MeV),andhasa

totalchargeof258pCabove140MeV.Itispossiblethattheobservedlong

tailfeatureisduetothequasi-continuousinjectionviaionizationoftheinner

K-shellofoxygen.Similarfeatureshavebeenpreviouslyreported[50]andalso

seenelsewhere[42,48].

121



(d)

GeV

Di
v
er
g
e
n
c
e(
mr
a
d)

0.15 0.2 0.4 0.6 11.5

-20

0

20

-20

0

20

-20

0

20

0.5 1 1.5 2 2.5 3

x 10
4

(c)

(a)

(b)

Intensity(a.u.)

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5

0.01

0.1

1

 (a)
 (b)
 (c)

d
N/
d
E

GeV

Figure7.1:(a)-(c)Energyresolvedimagesoftheelectronbunchesforaratio
of4%ofCO2atplasmadensities,(a)8×10

18cm−3,(b)8×1018cm−3,(c)
1.1×1019cm−3;Alltheimagesareplottedinthesamecolorrangewherethe
brightnessrepresentsthefluxoftheelectronsinarbitraryunits.(d)Corre-
spondingnormalizedelectronnumberdensityperelectronenergy;Notethat
theyaxisisinlogarithmicscale;Representativeuncertaintiesofmeasuredelec-
tronenergyat0.5GeVand1GeVareindicatedbytheredcircularspotsand
attachedbarsatthetopoftheplot.

122



0 5 10 15 20 25

0.1

1

10

100

1000

He+4% CO
2

He+10% CO
2

 Pure He

p
C(
>
2
0
0
M
e
V)

Electron density(x10
18
 cm

-3
)

Figure7.2: Measuredchargeofelectronswithenergyhigherthan200MeV
versustheplasmadensity.RedemptycirclesaredatapointsfortheHemixed
with4%CO2,whilebluetrianglesfortheHemixedwith10%CO2,andgreen
diamondsforpureHe. Thegreyishshadedregionrepresentstheregionthat
isbelowtheinjectionthresholdof7×1018cm−3forpureHetotheinjection
thresholdof4×1018cm−3withtheadditionof4%CO2.Notethatduetothe
lackofdatapointsatlowenoughdensitytoobservetheinjectioncutoff,the
injectionthresholdforHemixedwith10%CO2isnotdeterminedhere.

Fig.7.1(c)depictstheelectronimageobtainedatplasmadensityof1.1×1019

cm−3,wheretwowidelyseparatedbunchesareobserved.Notethatthehigher

energybunchreachesabove1GeVandexceedstheresolutionlimitof1.5GeV

oftheelectronspectrometer,abovewhichelectronscan’tbemeasuredaccu-

rately.ThechargecontainedinthisGeVbunchisaround10pC,ascompared

tothatof74pCforthelowerenergybunchthatpeaksataround170MeV.

ConsideringthetheoreticalenergygainbasedonLu’speakenergyscalinglaw,

onewouldexpectapeakelectronenergyof350MeVattheplasmadensityof

1.1×1019cm−3foralaserpowerof80TWasemployedinthisexperiment.

TheobservedGeVenergyofthesecondbunchelectronsasshownhereismore

thandoubleofthepredictedone.Thephysicsbehindthisenergyenhancement

willbediscussedlater.
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Thetotalchargesofelectronswithenergyhigherthan200MeVareplotted

inFig.7.2asafunctionoftheplasmadensityforthreecases:pureHe,Hemixed

with4%CO2andHemixedwith10%CO2.Thechargeherewascalculated

bytakingtheaverageofallshotsthatshowedelectronsignalsabove200MeV

atthesamegasdensityinthesameexperimentalday. Whenlookingatthe

densitythresholdsforpureHeanditsmixturewithCO2,onefindsthatthead-

ditionof4%CO2bringsdownthethresholdfromapproximately7×10
18cm−3

toapproximately4×1018cm−3,indicatingthationizationinjectionscheme

allowswakefieldaccelerationinalowerdensityregionrelativetoselfinjec-

tion,potentiallyprovidingalongerdephasinglengthforelectronstoaccelerate

tohigherenergy. Duetothelargenumberofelectronsineachmoleculeof

CO2,amixtureratioof10%ofCO2willdoubletheelectrondensityintheory

relativetopureheliumgasatthesamepressureafterbeingfullyionizedby

theultra-intenselaser.Suchahighdegreeofionizationperatomaggravates

theionization-induceddefocusingeffect[42,141,147],leadingtothefailureto

achievelaserwakefieldaccelerationathighdensityabovene 1.5×1019cm−3

forHe+10%CO2. WhatalsocanbeseenfromFig.7.2isanincreaseofthepeak

chargeobtainedwhenadding4%CO2intopureHe.Asthedensityincreases,

themeasuredchargeforpureheliumtendstosaturateatalevelofapproximate

50pC.However,thisnumberincreasesto∼100pCaftermixing4%CO2into

theheliumgas.Theobservationofalowerdensitythresholdtogetherwitha

higherchargesaturationlevelrevealsthationizationinducedinjectionisad-

vantageousingeneratingalargenumberofenergeticelectronswhencompared

withtheself-injectionapproach.Statisticsonthepeakenergiesforalldensities

forbothpureHeandHemixedwith4%CO2havebeencompared. Foran

electrondensityrangeof4×1018cm−3to1.5×1019cm−3,theprobabilityof

producingelectronswithpeakenergyhigherthan500MeVwithionizationin-

jectionis∼37%,comparingtothatof∼5%forself-injection.Thissignificant

differenceinprobabilityofgeneratingenergeticelectronsagainillustratesthe
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Figure7.3: Energyofthehighestenergypeakintheelectrondistribution
measuredateachelectrondensityforHemixedwith4% CO2. Thesolid
trianglesarethesinglemaximumachievedpeakenergiesateachdensity.The
emptycirclesaretheaveragesoftheenergiesofthehighestenergypeaksfor
shotsatidenticaldensity,thestandarddeviationofwhichisconsideredasthe
errorbar.Theredlinerepresentsthepredictedenergiesatagivenlaserpower
of80TWusingthenonlinearscalinglawgivenbyEqn.[7.1]

increasedeaseingeneratingmoreenergeticelectronsusingionizationinjection.

Fig.7.3plotsthedependenceofaveragepeakenergyofelectron(empty

circles)versustheelectrondensity. Themaximumsinglepeakenergy(solid

triangle)observedateachoftheelectrondensitiesandthetheoreticallypre-

dictedenergyscaling(redline)usingthenonlinearscalinglawgiveninEqn.[7.1]

foragivenlaserpowerof80TWarealsoplottedinthegraph.Theaverage

peakenergiesindicateanapproximateagreementwiththescalinglawinthe

densityregionhigherthan6×1018cm−3.Belowthisdensitythescalinglaw

predictshigherelectronenergiesthanobserved. Thedeviationbetweenthe

measurementsandthepredictionsatlowdensitycanbeexplainedbythefact

thatthematchingconditionisviolatedinthattheincreasedoptimumbubble
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sizeatlowdensityislargerthantheself-focusedlaserspotsizeandinjectionis

becomingmoredifficultwithdecreasingdensity.[47]Inaddition,asindicated

bytheobservedmaximumpeakelectronenergy,atsomedensitypointssuch

asatne=1.1×10
19cm−3,asshowninFig.7.1(c),electronsinsidethewake

appeartoexperienceenhancedwakefieldaccelerationleadingtoanenergydou-

bleormore,comparedwiththescalinglawasgivenbyEqn.[7.1].Thisenergy

enhancementcomparedtothepredictionofEqn.[7.1]wasobservedwithpure

heliumgasinsimilarplasmadensityasshowninChapter5andalsoobserved

experimentallybyafewothergroups[46,47]. Themechanismforthisen-

ergyenhancementwasidentifiedasatransitiontoPWFAafterthelaserpulse

depletionbythe3D-PICsimulationsasdiscussedinChapter5.

7.4 Conclusion

Inconclusion,electronbuncheswithaverageenergiesoftheorderof500MeV

havebeenproducedwithionizationinducedinjectionundertheself-guiding

conditionoflaserwakefieldaccelerationusing80TWlaserpulses.Thesere-

sultsareinapproximateagreementwiththebubblewakefieldscalinglaws,

particularlyatdensitiesabove6×1018cm−3.Theuseofionizationinjection

leadstoimprovedperformanceinregardstoincreasedelectroncharge,bya

factoroftwo,lowerinjectionthresholdelectrondensitiesof4×1018cm−3as

comparedto7×1018cm−3andmuchhigherprobabilityofproducingelectrons

above500MeVascomparedtoselfinjectioninHegasaloneunderthesame

conditions.Theseresultswereobtainedwithshorteraccelerationlengthsand

higherdensitiesthantypicallyreportedpreviously.Inafewshots,energiesof

approximatelydoubletheaveragevalues,uptotheGeVenergyrange,were

obtainedindicativeofsomeadditionalaccelerationmechanism,whichwasdue

toatransitiontoPWFAafterthelaserpulsedepletion.
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Chapter8

CharacterizationofLaser

WakefieldGeneratedBetatron

X-rayRadiationusingGrazing

Incidence MirrorReflection

WehavedevelopedanewapproachtocharacterizebetatronX-rayradiation

thatisexcitedbythewigglingofrelativisticelectronsinsidelaserwakefield

drivencavities.Thisapproachcanmeasuretheaveragecriticalenergy,Ec,of

thebetatronradiationbyusingthereflectionoffagrazingincidencemirror

(ROGIM).Thistechniquereliesonthereflectivitychangeofahigh-Z-coated

mirrorwiththegrazingangleofincidenceforthebetatronX-rays.Theaverage

Ecmeasuredwiththisapproachisinagreementwiththeonemeasuredwith

aphoton-countingX-rayCCD.Thisapproachsuggeststhatgrazingincidence

mirrorscoupledtoX-raydetectorscanbeusedasonlinemonitorsofEcin

betatronapplications.

Thecontentsofthischapterhavebeenpublishedinthearticle: M.Z.Mo,etal.,Eur.
Phys.J.D68,301(2014).
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8.1 Introduction

Inthepastdecade,remarkableadvanceshavebeenmadeinproducingener-

geticelectronsthroughtheschemeofLaser WakefieldAcceleration(LFWA),

whichtakesadvantageofextremelystrongelectrostaticfieldsdevelopedina

plasmawakefollowinganintenselaserpulse.Todate,GeV-classelectronshave

beensuccessfullydemonstratedwiththeLWFAapproachbyanumberofre-

searchgroupsaroundtheworld[18,20,45,46,47,51,115].Atthesametime,

thesynchrotron-likeBetatronX-rayradiationisemittedfromthetransverse

oscillationsoftherelativisticelectronsinsidetheplasmacavities.ThisX-ray

emissionisattractingincreasingattentionduetoitsattractivepropertiesof

femtosecondpulseduration,temporalsynchronization,narrowdivergenceand

highbrightness.Thankstothesebenefits,thisBetatronX-rayradiationisa

promisingcandidatetoserveasanX-rayprobeininvestigatingthestructural

dynamicsofmatterunderwarmdensestates[148]orextremestatesoftemper-

atureandpressure[149],whichnormallyrequireultrafastX-raydiagnostics.

InLWFA,anultra-shortlaserpulsewhenfocusedtointensities>1018

W/cm2inagastargetcreatesanunderdenseplasma.Theultra-intenselaser

pulseinteractswiththeunderdenseplasmathroughthenonlinearponderomo-

tiveforceofthelaserpulse. Thisforcepushestheelectronsawayfromthe

propagationaxisforminganelectrondeficientregiontailingthelaserpulse

surroundedbyanelectronsheath.Theionsremainsincetheyaretooheavyto

move.Asaresult,aseriesofioncavitiesor”bubbles”travelingwithaphase

velocityclosetothespeedoflightareformedbehindthelaserpulse.Electrons

fromthesheathwillbedraggedinwardbythestrongCoulombforceatthe

rearsideofthebubbleandcanbedrawnintothebubbleiftheyhavesufficient

energytomatchthespeedofthebubble,aprocessreferredtoasinjection.If

injectedoffaxis,thetrappedelectronsfeelatransversefocusingforceinad-

ditiontothestronglongitudinalelectrostaticfield.Becauseofthetransverse
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focusingforce,theelectronsundergoBetatronoscillationswhiletheyareaccel-

eratinginsidethecavity.ThefrequencyoftheBetatronoscillationisgivenby

ωβ=ωp/
√
2γ,whereωpistheplasmafrequencyandγistherelativisticLorentz

factoroftheelectron.Theoscillatingelectronsradiateelectromagneticwaves

andtheresultingradiationspectrumischaracterizedbyastrengthparameter

givenby[59],K γθ=γrβωβ/c=1.33×10
−10 γne[cm−3]rβ[µm],whereθ

isthepeakangulardeflectionoftheelectrontrajectory,rβistheoscillation

amplitude,cisthespeedoflight,andneistheelectrondensity.

ThestrengthparameterK iscorrelatedwiththespectralcharacteristics

oftheradiation.ForthehighlyrelativisticelectronsgeneratedbyLWFA,the

rangeofinterestforthestrengthparameterisKmuchlargerthanunitywhere

theplasmaactslikeawigglerandnumeroushighharmonicsareproducedlead-

ingtoabroadbandspectrum.Theon-axisspectralintensityoftheBetatron

radiationcanbedescribedbythesynchrotronradiationfunction[60,61]:

dI

dE
∼=
1

4π0

√
3
e2

c
γ
E

Ec

∞

ξ

K5/3(ξ)dξ (8.1)

whereξ=E/Ec,andEc(keV)∼=5×10
−24γ2ne(cm

−3)rβ(µm)isthecritical

energywhichdividestheradiationenergyintotwoequalenergyspectralhalves.

K5/3isamodifiedBesselfunctionofthesecondkindoforder5/3. Because

ofthestronglyrelativisticmotionoftheelectrons,theBetatronradiationis

confinedtoanarrowconewithhalfopeningangleofθ K/γ.Inaddition,

theBetatronradiationshouldhavethesametemporaldurationasthelaser

excitedelectronbunch,whichisontheorderofafewfemtoseconds[13].

ThecriticalenergyEcisthemainparameterwhichdefinestheBetatron

radiationasitdeterminestheshapeofthespectrum.Sofar,anumberofX-

raydiagnostictechniqueshavebeenemployedtocharacterizethespectrumof

theBetatronradiation,includingRossfilters[150],anX-raydiffractioncrystal

[59],photoncountingCCDs[151]andanX-rayspectrometerwithstacked
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differentialfilters[62].TheRossfiltertechniqueutilizesapairofdifferential

filtersthathaveidenticaltransmissioncoefficientsexceptforanarrowenergy

windowbetweentheK-edgestosampleacertainenergyrangeoftheX-rays.

Byassumingasynchrotron-likespectralfunctionandfittingthedetectedX-ray

signalobtainedfromanumberoffilterpairstothepredictedX-rayemission,

onecandeducetheEcinasinglelasershot.Regardingthesecondtechnique,

theBetatronradiationwasspectrallyresolvedusinganX-rayBraggcrystalbut

withanarrowspectralwindowrelativetothebroadbandwidthoftheBetatron

Radiation. ToobtainareasonablebandwidthtoretrievethevalueofEc,

multiplecrystalswithdifferentlatticespacingshavetobeusedinadditionto

tuningtheanglesofthecrystaltogivealargerdetectionrange.Thisapproach

measurestheaverageEcoftheBetatronradiationasitrequiresanumberof

shotstoreconstructthespectrum.Thephotoncountingmethodcandirectly

measuretheabsolutespectraldistributionofasingleshotoveramuchlarger

spectralwindowthantheprevioustwomethodsbycountingthesingle-pixel

eventsproducedbyX-rayphotonsstrikingtheX-rayCCD.However,thecost

oftheX-rayCCDisexpensiveandrequirespostprocessingtoisolateemission

fromsingleX-rayphotonsinordertoaccuratelymeasurethephotonflux.For

thelastapproach,aseriesoffilterswithincreasingatomicnumberwerestacked

inserieswithinterleavingimageplatesasdetectorstospectrallyresolvethe

broadbandBetatronradiationupto80keVrange.Inadditiontothespectral

information,thismethodcansimultaneouslyrevealtheangulardependence

oftheBetatronradiationinasingleshotmode. However,itdoesrequire

thepostprocessingreadoutoftheimageplatesaftertheBetatronemission

measurement.

Inthischapter,weproposeanotherapproachtomeasuretheaverageEc

oftheBetatronradiationbyusingthetechniqueofReflectionoffaGrazing

IncidenceMirror(ROGIM).Agrazingincidencemirrorwithahigh-Zcoating

iscapableofreflectingX-rayradiationoverabroadbandwidthandhasbeen
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widelyusedinmanyX-raydiagnosticssuchasgrazingincidencetoroidalmir-

rorimagingsystemsandKirkpatrick-Baez(KB)microscopes.Forinstance,the

KBmicropscopeconsistsoftwoorthogonalgrazingincidentmirrorsmounted

insuccessionthatfocustheX-raysinthetwoorthogonalplanes.TheROGIM

techniquereliesonthechangeinreflectivityofthehigh-Zcoatingmirrorwith

thegrazingangleofincidenceoftheX-rays. Byfittingthemeasuredreflec-

tivitiesatdifferentgrazinganglestothecorrespondingtheoreticalreflectivities

calculatedassumingasynchrotron-likeBetatronspectrum,theaverageEcof

theBetatronradiationcanbedetermined. Recently,wehavereportedthe

characterizationofaKBmicroscopetofocustheBetatronradiationdesigned

toprobetheionizationstatesofwarmdensealuminumpumpedbythesynchro-

nizedopticallaserpulse[152].Inadditiontothe2-dimensionalX-rayfocus,

theKBmicroscopecanbeconfiguredtoviewthe1-dimensionallinefociofthe

twoindividualmirrors. WiththeROGIMtechnique,onecandirectlycharac-

terizetheEcoftheBetatronradiationbymeasuringtheintegratedintensity

ofoneofthetwolinefocicomparedtothestraightthroughintensity.Inthe

experimentthatwasdescribedinRef.[152],anopticalimagingsystemwasin-

stalledtomeasurethe2DKBfocusbyobservingtheopticalemissionfroma

Lanexfluorescentfilm.UsingtheROGIMtechniquetomeasuretheEcinthis

casedoesnotrequireextraopticalcomponentsandcanbecarriedoutduring

thepre-shotsetup.SuchaLanexscreencouldbeconfiguredtobeleftinthe

systemtoobservethesinglereflectionandstraightthroughradiationwithout

interferingwiththepropagationoftheimagedprobebeam.Inotherwords,

forsuchpump-probeexperimentsusingtheultrafastBetatronradiation,the

ROGIMtechniquecanbeusedasanonlineEcmonitorfromoneofthegrazing

incidencemirrorswhileitisbeingusedforX-rayfocusingorimaging.
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Figure8.1:Schematicdiagramoftheexperimentalsetupformeasuringthe
BetatronX-rayradiationproducedfromlaserwakefieldacceleration.

8.2 DescriptionofExperimentalSetup

Theexperimentstocharacterizethebetatronradiationwereconductedatthe

AdvancedLaserLightSource(ALLS)facility[85],andthesetupdiagramis

showninFig.8.1.TocreatetheplasmawakefieldthatgeneratestheBetatron

radiation,linearlypolarized800nmlaserpulseswithenergyof2.4Jandpulse

durationof30fs(FWHM)werefocusedbyanf/17off-axisparabola(OAP)

ontoagasjettarget. TheFWHMofthevacuumfocalspotwasmeasured

tobe24µmandthepeakvacuumintensitywasapproximately7.0×1018

W/cm2.Aside-viewNormarskiinterferometer[89]basedonaWollastonprism

asthebeamsplitterwasemployedtoprobetheplasmaformationandits

density.Theprobebeamfortheside-viewinterferometrywasobtainedfrom

thepartialtransmissionofthemainlaserpulsethroughoneofthemirrors.

HeliumwasusedasthegastargetandwaspulsedfromacommercialParker

Valve(Model009-181-900)connectedtoa5-mm-diametersupersonicconical

nozzle. ThedensityoftheplasmawascalculatedbyuseofmodifiedAbel
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inversionalgorithm[91],wheretheasymmetryofthefringeshiftsisweighted

andintroducedintothefinalplasmadistribution,assumingacosθtransverse

asymmetrycontribution.Acylindricalplasmaalongtheaxisoftheincoming

laserbeamwasassumedfortheanalysisassuminganonuniformitycorrection

alongthegasflowaxisawayfromthenozzle.Duringtheexperiments,thegas

pressurewasfixedandtheplasmadensitywasmeasuredtobeapproximately

1.2×1019cm−3.

Thegeneratedelectronbeamsweremeasuredbyanelectronspectrometer

madewithtwoseparatedipolemagnetsinserieswithmagneticfieldstrengthsof

1.12Tand0.84T.AlongtheBetatronpropagationaxis,anextensionvacuum

tubewasaddedtothetargetchambertoshortentheairpathlengththatthe

BetatronX-raysexperiencebeforereachingthegrazingincidentmirrorthat

wasplacedintheair.Extrafiltersthatwereinsertedinthebeampathofthe

Betatronincludeda32-umAlfoilalongwiththe250-umBewindowthatwas

usedtosealthechamber.Thegrazingincidentmirror,coatedwithplatinum,

wasa25mmdiametersphericallycurvedmirror,havingradiusofcurvature

(ROC)of20m.Thisgrazingincidentmirrorwasplacedaround2.3maway

fromthegasjetcenterandwasmountedonarotationalstagetoadjustthe

grazingangleoftheX-rays. TheX-raysincidentupontheplatinummirror

werefocusedinthemeridionalplaneandreflectedontoaLanexfluorescent

screen(KodakRegularLanex)afterthemirror.Theemittedfluorescencefrom

therearsurfaceoftheLanexscreenwascollectedbyanf/1.2lenssystem

andimagedontoanElectronMultiplyingCCD(AndorLucaEMCCD,Model:

S658M)camera.

Athickleadaperturewassetinfrontoftheplatinummirrortopreventthe

directX-raybeamfromwashingoutthereflectedX-raybeamontheLanex

screen. Bymeasuringtheseparationbetweenthe1Dfocusedlineandthe

unreflectedline,onecandeterminethegrazingangleoftheX-raysimpinging

onthePlatinummirror. Anaverageof5shotsweretakentoaveragethe
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Figure8.2:Theoreticalreflectivityofplatinumcoatedmirrorasafunctionof
X-rayenergyfordifferentgrazingangles.Thereflectivitywascalculatedwith
theFresneltheoryusingscatteringfactorsfromNISTtables.

measuredBetatronsignalforeachdatapointoverarangeofgrazingincident

angles.

8.3 EcMeasurementwiththeROGIMtech-

nique

X-rayreflectionoffagrazingincidencemirrorwithhigh-Zcoatingcanbeunder-

stoodastotalinternalreflectionfromaninterfacetoalowerindexofrefraction

materialleadingtoreflectionbelowacertaingrazingangle.Thetheoreticalre-

flectivityofthegrazingincidentmirrorcanbecalculatedusingtheFresnel

theorywiththeindexofrefractiongivenbythecomplexatomicscatteringfac-

torsofthematerialthatarereadilyavailableinNIST[153].Fig.8.2plotsthe

theoreticalreflectivityoftheplatinumcoatedmirrorasafunctionoftheX-ray
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energyatdifferentgrazingangles. Thereflectivitycurvesindicatethatata

givengrazinganglethereflectivityfallsoffwithphotonenergyaboveacertain

criticalphotonenergy.Thecutoffphotonenergyisgivenbytheenergythat

hasacriticalanglefortotalinternalreflectionequaltotheincidentgrazing

angle.Comparingthereflectivitycurvesfordifferentangles,onecanfindthat

increasingthegrazinganglereducesthecut-offphotonenergyandthereflectiv-

ity.Therefore,whileusingthegrazingmirrortoreflecttheBetatronradiation,

increasingthegrazinganglesshrinksthebandwidthofthereflectionspectrum

anddecreasestheintensityofthereflection.SincetheBetatronradiationis

broadbandthereflectedsignalrepresentstheintegratedX-rayintensitybelow

thecutoffphotonenergyforagivengrazingangle.Bycomputingthetheoreti-

calintegratedreflectivityfordifferentvaluesofEconecanmatchthemeasured

integratedreflectivity,andthusdeterminethevalueofEcforagivenBetatron

sourcespectrum.Thedetailsofthisprocedurearepresentedbelow.

Asinglesphericallycurvedgrazing-incidentmirrorcanbetreatedasacylin-

dricallensinthatX-raysinthemeridionalplanearefocusedwiththefocal

lengthgivenbyfm=Rsinθg/2,whereRistheradiuscurvatureofthemirror

andθgisthegrazingangle,whereasinthesagittalplanethefocallengthis

givenbyfs=R/(2sinθg),whichcanbetakenasinfinitytofirstorder.

Fig.8.3illustratestheX-rayfocusinggeometryofthePtcoatedmirrorin

themeridionalplane. AsseeninFig.8.3,a2mmwideslitaperturemade

of6mmthickleadwithoneedgealignedclosetothegrazingmirrorsurface

directionisusedtodefinetheangularrange(typically200µrad)measured

fromtheBetatronemission. Themeasurementsamplestheuniformcentral

partoftheemissionwhichtypicallyhasatotalangulardivergenceof10-20

mrad.Partofthebeampassesbytheedgeofthemirrorgivingameasureof

thetotalX-rayemissionstrength.

AsshowninFig.8.4,themeasuredX-rayintensitydistributionintheyor

non-focuseddirectionisfairlyuniform,thereforetheintensityfunctionofthe
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X-raysontheLanexfluorescentscreencanbereducedtobeafunctionthat

hasonlyonespatialvariablextransversetothelineimagebyaveragingthe

signaloverafixedlengthintheydirection.TheimagesfromtheLanexscreen

arerecordedbyimagingthefluorescenceontoaCCDcamera.

Thetotalintensityfunctionηt(θg,x)oftheX-raysontheLanexscreen,in-

dicatedbythelineoutsasshowninFig.8.4,consistsofincidentdirectradiation

functionηi(θg,x−xc1)andthereflectedlightfunctionηr(θg,x−xc2),wherexc1

andxc2arethecentralpositionsfortheincidentandreflectedradiationandθg

isthegrazingangleatthecenterofthemirror. Weassumealinearresponse

ofLanexscreentoX-rayenergydeposited,whichisreasonablefortheX-ray

energiesinthekeVrangewhicharefullyabsorbedinthefluorescentdetection

regionofthefilm.TheresponsecurveofthesameLanexscreenwasmeasured

byTrauernichtetal.[154],indicatingfairlyuniformresponse.Themeasured

integratedreflectivityatagivengrazingangleofθgisgivenby:

Rm(θg)=
ηr(θg,x−xc2)dx

xc1+0.5w

xc1−0.5w
ηi(θg,x−xc1)dx

(8.2)

wherew,asshowninFig.8.3,istheeffectiveangularaperturewidthspannedby

themirrorinthefocusingdirection,x,relativetothegasjetcenter.Thetotal

X-rayenergyacceptedbythePtmirrorcanbeapproximatedbyintegrating

theincidentlightfunctionηisymmetricallyaboutxc1withanangularwidth

ofw.

Theopeningangleinthefocuseddirectionsubtendedbythemirrorrela-

tivetothegasjetcenterislessthan0.1mradfortheselectedgrazingangles

(0.3o-0.7o),whichissmallrelativetothefulldivergenceoftheemittedbetatron

beam(10-20mrad). Oversuchasmallangularrange,thebetatronradiation

intensitycanbetreatedasconstantandisthusgivenbytheon-axisformulaas

showninEqn.[8.1]. MultiplyingtheBetatronspectrumwiththefiltertrans-

mission(includingtheairpath)T(E)andthereflectivityRptofPtmirror,
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thetheoreticalintegratedreflectivityatacentralgrazingangleofθgcanbe

calculated:

Rth(θg)=

α2
α1

dI
dE
T(E)Rpt(α,E)dEdα

α2
α1

dI
dE
T(E)dEdα

=

α2
α1

dI
dE
T(E)Rpt(α,E)dEdα

|α2−α1|
dI
dE
T(E)dE

(8.3)

whereα1andα2arethegrazinganglesatthetwoendsofthemirrorinthe

focuseddirection,whichareindicatedinFig.8.3. Becausethedistancefrom

thesourcetomirror(∼2.3m)ismuchlargerthatthesizeofthemirror(25.4

mm),thefollowingapproximaterelationshipα1 α2 θgholdstrue,which

allowsEqn.8.3tobesimplifiedtothefollowing:

Rth(θg)=

α2
α1

dI
dE
T(E)Rpt(θg,E)dEdα

|α2−α1|
dI
dE
T(E)dE

=
dI
dE
T(E)Rpt(θg,E)dE
dI
dE
T(E)dE

(8.4)

Thereflectivityofametalliccoatedmirrorisalsosensitivetothesurface

roughnesswhichcanscatterasignificantpartoftheincidentX-rayflux[155].

Therefore,anadditionalfactorthataccountsforthescatteringlossduetothe

surfaceroughnessshouldbeincludedwhencomputingthemirrorreflectivity.

Themirrorreflectivityincludingthesurfaceroughnessisgivenby[156]:

R=R0exp(−
16π2σ2rms
λ2

sin2ψ) (8.5)

wheretheR0isthereflectivityforaperfectlysmoothsurface,σrmsistheroot-

mean-squareroughness,λistheX-raywavelengthandψisthegrazingangle

ofincidence.

LookingatEqn.8.4,onecanseethattocalculatethetheoreticalreflectivity,
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Figure8.4: MeasuredBetatronreflectionsusingasinglePtcoatedmirrorat
grazingincidentanglesof(a)0.4o(b)0.6o. Thehorizontallineoutscrossing
thedirectandthereflectedlightstripsareplottedatthebottomoftheimages
respectively.

theonlyunknownparameterisEcoftheBetatronspectrumsincetheabsolute

amplitudecancelsoutwhentakingtheratioofreflectedtotheincidentsignals.

Eccanbedeterminedfromeverylasershotbymatchingthemeasuredvalue

ofreflectivity.Ifthereflectivityismeasuredatmultipleanglesofincidence,

anaveragevalueofEccanbedeterminedbyminimizingthesumoftherms

errorssquaredΣθ(Rth−Rm)
2whereRthandRm arethetheoreticalandthe

measuredreflectivitiesateachanglerespectively.
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8.4 ResultsandDiscussions

TypicalimagesoftheBetatronreflectionfromtheplatinummirrorattwo

differentgrazinganglesareshowninFig.8.4. Awidebrightbandfromthe

directlyincidentradiationisclearlyobservedalongwithaseparatenarrower

stripofweakreflectedradiation.Noticethatthehorizontalaxisoftheimage

isthex-directionorthedirectioninwhichtheincidentX-raysarefocused.

Fig.8.5(a)showsthemeasuredintegratedreflectivities(discretetriangles)at

differentgrazinganglesofthePtmirrorandthetheoreticalcurvecorresponding

totheminimumrmserrorusingEqn.8.4withavalueofEcof7.5keV(solid

bluecurve).TheerrorbaroftheEcisestimatedtobearound1.3keVfrom

theuncertaintiesofthemeasuredintegratedreflectivities.Incomputingthe

theoreticalreflectivitiesofthePtmirrorthesurfacermsroughnessσrmswasset

to7̊A,whichwasdeterminedbyfittingEqn.8.5tothemeasuredreflectivityfor

themirrorinpreviousstudies[157].Notethattheadditionalscatteringeffect

fromthisroughnessleadstoareductioninthemirrorreflectivityoftheorderof

10%to20%atintermediateangles,whichinturnresultsina∼15%reduction

inmagnitudeforthebestfitEcwhencomparingtothecasewherethemirror

surfaceisassumedtobeperfectlysmooth.Forcomparison,theoreticalcurves

withEc’sof6.2keV(greendashedcurve)and8.8keV(reddash-dottedcurve)

arealsoplottedinFig.8.5(a).Itshouldbenotedthattherearevariationsin

Betatronemissionintensityfromshottoshot,butthesewillnotaffectthe

calculatedEcsinceitisonlydependentontheratioofreflectedtotransmitted

signals. WewouldalsoexpectminorvariationsofEcfromshottoshotbut

whatwereporthereistheaverageEcforourconditions. KnowingtheEc,

wecancalculatetherelativeintensitydistributionoftheBetatronsourceby

substitutingtheEcintotheEqn.8.1.Therelativeintensitydistributionofthe

BetatronradiationwithEcof7.5keVisplottedinFig.8.5(b).Fromthiscurve,

onecanseethattheradiationintensitypeaksat∼0.29Ec(2.2keV)anddrops
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approximatelyexponentiallytozeroaboveEc.

ToconfirmtheEcoftheBetatronsourcethatwasachievedwiththeROGIM

technique,anX-rayphotoncountingtechniquewithaCCDcamearawasused

tomeasurethespectrumoftheBetatronsourceproducedinaseparateexper-

imentunderthesameexperimentalconditions.Thistechniqueisdescribedin

detailinFourmauxetal.[151]. KnowingtheCDDcalibrationincountsper

eVandtheCCDquantumefficiency,thecalibratedexperimentalspectrumcan

berecovered.AnX-rayCCDcamera(PrincetonInstruments,model:PI-LCX)

whichiscooledwithliquidnitrogenwasused.Thisisadeep-depletionCCD

with1340×1300pixelswithapixelsizeof20µm×20µm.TheX-rayCCD

waspositioned3.1mawayfromthegasjetinordertodothephotoncounting.

ThesignalwasalsoattenuatedusinganAlfilterwith458µmthickness.

Fig.8.6(a)displaysthemeasuredexperimentalspectraofBetatronX-rays

byphotoncountingfortwotypicalshots(data1anddata2)recordedunder

thesameexperimentalconditionsusedfortheROGIMmeasurement. Wealso

presentforeachdatasetthebestfitcorrespondingtoasynchrotrondistribution

(seeEqn.[8.1]). Moreover,weillustratetheprecisionofthisfitbyshowingthe

synchrotrondistributioncorrespondingtoEc=9±1.5keVfordata1andEc=

8.5±1.5keVfordata2.Thecriticalenergyaveragedovertensuccessiveshots

andthecorrespondingstatisticalstandarddeviationisEc=8.75±1.13keV.

ThisaveragedistributionisplottedinFig.8.6(b).Thus,theresultobtained

withthephotoncountingtechniqueisinagreementwiththeROGIMtechnique

resultwithinapproximatelyonestandarddeviation.Thisisasignificantresult

sincetheROGIMtechniquemeasuresthephotondistributionbelow10keV

photonenergywhilethephotoncountingtechniquemeasuresphotonenergies

above10keV.Theagreementindicatesthattheemittedspectrumisindeed

synchrotron-likeoveralargespectralrange.
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8.5 Conclusion

Inconclusion,wehavedevelopedanewapproachtomeasuretheaveragecrit-

icalenergyEcofthelaserwakefieldgeneratedBetatronX-rayradiationwith

thetechniqueofReflectionoffaGrazingIncidenceMirror(ROGIM).Inthis

approachagrazingincidencemirrorwithhigh-ZcoatingreflectstheBetatron

X-rayradiationatdifferentgrazingangles.Partoftheradiationbypassesthe

mirrorgivingareferencesignalatthedetectorsurfacewhichinthiscaseisa

fluorescentscreenimagedontoaCCDcamera. Assumingasynchrotron-like

spectrumoftheBetatronradiation,onecandeterminethevalueofEcforthe

Betatronradiationfromeverysingleshot.Thismeasurementwascarriedout

withseveralgrazinganglesintherangeof0.3oto0.7oforaPtmirrorandan

averagevalueofEcof7.5±1.3keVwasdetermined. ThisEcisinreason-

ableagreementwiththevaluemeasuredwithaphoton-countingX-rayCCD

underthesameexperimentalconditions,indicatingauniformsynchrotron-like

spectrumoveralargephotonenergyrangeofafewkeVto25keV.Sucha

grazingincidencemirrormeasurementcanbeusedasanonlineEcmonitorin

Betatronapplicationexperimentsbysamplingasmallpartofthebeamwhere

asimplefluorescentscreentogetherwithCCDcamerareadoutcanbeused.

Specifically,forKBmicroscopeapplicationsthestraightthroughradiationand

singlemirrorreflectionradiationcouldbeusedforthismeasurementwithout

interferingwiththemainimagespotoftheKBmicroscope.
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Chapter9

Laser WakefieldGenerated

X-rayProbeforFemtosecond

Time-resolved Measurementsof

IonizationStatesof Warm

DenseAluminum

WehavedevelopedalaserwakefieldgeneratedX-rayprobetodirectlymea-

surethetemporalevolutionoftheionizationstatesinwarmdensealuminum

bymeansofabsorptionspectroscopy. Asapromisingalternativetothefree

electronexcitedX-raysources,BetatronX-rayradiation,withfemtosecond

pulseduration,providesanewtechniquetodiagnosefemtosecondtopicosec-

ondtransitionsintheatomicstructure.TheX-rayprobesystemconsistsofan

adjustableKirkpatrick-Baez(KB)microscopeforfocusingtheBetatronemis-

siontoasmallprobespotonthesamplebeingmeasured,andaflatPotassium

Thecontentsofthischapterhavebeenpublishedinthearticle: M.Z.Mo,etal.,Rev.
Sci.Instrum.84,123106(2013).
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AcidPhthalate(KAP)Braggcrystalspectrometertomeasurethetransmitted

X-rayspectrumintheregionofthealuminumK-edgeabsorptionlines. An

X-rayfocalspotsizeofaround50umwasachievedafterreflectionfromthe

Platinum-coated10-cm-longKBmicroscopemirrors.Shottoshotpositioning

stabilityoftheBetatronradiationwasmeasuredresultinginanrmsshotto

shotvariationinspatialpointingonthesampleof16µm. Theentireprobe

setup,hadaspectralresolution∼1.5eV,adetectionbandwidthof∼24eV

andanoverallphotonthroughputefficiencyontheorderof10−5. Approxi-

mately10photonsweredetectedbytheX-rayCCDperlasershotwithinthe

spectrallyresolveddetectionband.Thusitisexpectedthathundredsofshots

willberequiredperdatapointtoclearlyobservetheK-shellabsorptionfeatures

expectedfromtheionizationstatesofthewarmdensealuminum.

9.1 Introduction

The WarmDense Matter(WDM)regimeliesbetweenthecondensedmat-

terstateandtheidealplasmastate,andischaracterizedbytemperatures

of∼1−20eVandnearsoliddensities. Althoughitischallengingtothe-

oreticallydescribethe WDMstateduetothefactthatitstemperatureis

comparabletotheFermienergyanditsion-ioncouplingparameterexceeds

unity[158],theinterestinunderstandingthepropertiesof WDMisgrowing

rapidlyduetoitssignificanceinalargenumberofareassuchasshockphysics

[158],astrophysics[159],andinertialconfinementfusion[160].

OneapproachtoproducingaWDMstateinthelaboratoryistouseintense

femtosecondlaserpulsetoisochoricallyanduniformlyheatultrathinmetallic

foils[161].The WDMstatecreatedinsuchawayusuallyhasashortlifetime

andrequiresultrashortprobediagnosticsinordertocharacterizeit.Inprevious

studiesofwarmdensematter[161,162,163,164,165,166],asecondultrafast

opticalbeamwasusedtoprobethetransientmaterialproperties. However,
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onedisadvantageofusingopticalprobingisthelimitedpenetrationdepthof

theopticalbeaminto WDMwithmassdensityclosetosolid.Also,theopti-

calprobepulseinteractswiththeelectronsneartheconductionbandorfree

electrons,andcannotreadilyprovideinformationabouttheatomicstructure.

Tosolvethisproblem,ultrafastX-rayabsorptionspectroscopyhasbeenpro-

posedandsuccessfullyappliedtostudythedynamicpropertiesofwarmdense

aluminum[148]andwarmdensecopper[167].

Inwarmdensemattergeneratedbyfemtosecondlaserpulse,thelaserenergy

iscoupledtotheelectronsfirstwhiletheionstypicallyremaincoldforthefirst

picosecondormore. Theionizationstateofmaterialinthisnon-equilibrium

warmdensematterregimeisnotwellunderstoodyet. Measurementsofthe

ionizationstatesinnon-equilibrium WDMaluminumcreatedwithX-rayfree-

electronlaserhavebeenconductedbyVinkoandhiscolleaguesusingX-ray

emissionspectroscopy[168]. However,thistechniquereliesontheavailability

ofahighbrightnesstunableultrafastX-raypulsetogeneratethe WDMand

theaverageionizationstateisanalyzedbyobservingthetimeintegratedemis-

sionspectra.RecentlyanewsourceofultrashortX-rayradiationhasbecome

availableintheformofBetatronradiationfromlaserwakefieldaccelerated

electrons[58]. WhilethebrightnessoftheBetatronradiationisnotsufficient

toformWDMstates,itcanbeusedasaprobetodiagnosetheionizationstates

of WDM.

Theionizationstatesofmaterialsunderequilibriumconditioncanbethe-

oreticallycalculated. Fig.9.1showsthesimulatedK-shellabsorptionslines

fordifferentequilibriumtemperaturesaspredictedbyPrismSPECTsoftware

[169]for50-nm-thickaluminumatsoliddensity.Thesimulatedspectraindi-

catethatK-shellabsorptiondependsonthenumberofexcitedchargestates

whichincreaseswiththetargettemperature.ThesepredictedK-shellabsorp-

tionfeaturescanbeexperimentallyobservedusingultrafastX-rayabsorption

spectroscopyprovidedthatsufficientspectralandtemporalresolutionisavail-
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able.Althoughtheseabsorptionspectraarecalculatedforequilibriumstates,

theyprovideguidancetoinvestigatetheionizationstatesinthenon-equilibrium

conditionusingtheBetatronradiationwheresimilarfeaturesareexpected.

Betatronradiationisproducedaspartofthelaserwakefieldacceleration

processwhereelectronsareacceleratedbythelongitudinalelectricfieldformed

insidealaserdrivenwakefieldcavity[6]. Electronbeamswithenergyofthe

orderofaGeVproducedinunderdenseplasmaoftheorderofacentimetrein

lengthhavebeendemonstratedbymanyresearchgroups.[20,45,46,47,51]As

theelectronsareacceleratedinsidethewakefieldcavity,theyundergotransverse

(betatron)oscillationsduetotherestoringforceexertedbythespacecharge

residinginthemiddleofthecavity[58,21]. Thefrequencyofthebetatron

oscillationisgivenbyωβ=ωp/
√
2γ,whereωpistheplasmafrequencyand

γistheLorentzfactorassociatedwiththeelectronmotionalongtheplasma

channel. Theacceleratingchargesthenradiateelectromagneticwaves. The

resultantradiationspectrumfromtheoscillatingelectronsischaracterizedby

thebetatronstrengthparameter[59],namely

K=γrβωβ/c=1.33×10
−10 γne[cm−3]rβ[µm] (9.1)

wheretherβistheoscillationamplitude,cisthespeedoflight,andneis

theelectrondensity.TheradiationspectrumbecomesbroadbandifKbecomes

large(K 1),andtheon-axisspectralintensitycanbedescribedbythe

synchrotronradiationfunction[60,61]:

dI

dE
∼=
1

4π0

√
3
e2

c
γ
E

Ec

∞

ξ

K5/3(ξ)dξ (9.2)

whereξ=E/Ec,andEc(keV)∼=5×10
−24γ2ne(cm

−3)rβ(µm)isthecritical

energy[59]andK5/3isamodifiedBesselfunctionofthesecondkind. Half

oftheenergywillberadiatedbelowEcandhalfaboveEc. Becauseofthe

stronglyrelativisticmotionoftheelectrons,thebetatronradiationisconfined
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Figure9.1: SimulatedK-shellabsorptionlinesversusdifferenttemperatures
for50-nm-thickAluminumatsoliddensity.

toanarrowconeanglewithopeningangleθ K/γ.TheBetatronradiation

hasapproximatelythesametemporaldurationasthelaserexcitedelectron

bunch.Inprinciple,itspulsedurationcanbeasshortasafewfemtoseconds,[13]

makingBetatronradiationanidealprobeformeasuringphenomenaonthe

timescaleoffemtoseconds. AnotheradvantageoftheBetatronradiationis

itstemporalsynchronizationwiththesourcelaserpulse. Thisallowsoneto

preciselysynchronizetheX-raywithanopticalpulsewhichcanbeusedto

createthe WDMstate.
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Becauseofthesepotentialadvantages,wehavestartedtodevelopbetatron

radiationasaspectroscopicprobesourcetodirectlymeasurethetemporal

evolutionoftheionizationstatesinwarmdensealuminum.Thisrequiresan

X-raymicroscopesystemtocaptureandrefocustheX-raystoasmallprobe

spottopassthroughthe WDMregionunderstudyandaspectraldispersion

systemtoanalyzetheabsorptionspectrum.Suchasystemhasbeendeveloped,

andthedesignandthecharacterizationofthissystemaredescribedinthe

presentpaper.

Inourdesign,asshowninFig.9.2,weuseanadjustableKirkpatrick-Baez

(KB)Microscopetofocustheradiationaroundthe1.5keVphotonenergyrange

ontoanultrathinfree-standingaluminumfoilthatisheatedbyasynchronized

800nm30-fslaserpumppulse.TheK-shellabsorptionspectrainthisrangeis

spectrallyanalyzedusingaflatPotassiumAcidPhthalate(KAP)Braggcrystal

spectrometer. Bymeasuringtheabsorptiondipsinthetransmittedspectra,

wewillbeabletodeterminetheionizationstateofaluminumasafunctionof

timeandheatingpulsefluence.Inthischapterwereporttheresultsonthe

developmentofsuchasystem.Inthefollowingsectionsweoutlinedetailsofthe

Betatronsource,theX-rayimagingsystemanddispersiveelements,together

withananalysisoftheexpectedsystemperformance.Aseriesofexperimental

measurementshavebeencarriedouttoverifythattherequiredperformance

specificationscanbeachieved.

9.2 ExperimentalDesign

TheexperimentswereconductedattheAdvancedLaserLightSource(ALLS)

facilitylocatedatINRS,Varennes[85]. AsdepictedinFig.9.2,thelayoutof

thesystemconsistsofthreemajorparts: Betatronradiationgeneration,X-

rayfocusingandX-rayspectrometersystem.Tocreatetheplasmawakefield

thatgeneratestheBetatronradiation,linearlypolarized800nmlaserpulses
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withenergyof2.4Jandpulsedurationof30fs(FWHM)werefocusedby

anf/17off-axisparabola(OAP)ontoagasjettarget. TheFWHMofthe

vacuumfocalspotwasmeasuredtobe24µmandthepeakvacuumintensity

wasapproximate7.0×1018W/cm2.Heliumwasusedasthegastargetandwas

pulsedfromacommercialParkerValve(Model009-0496-010-003)connected

toa1-cm-diametersupersonicconicalnozzle.

Thegeneratedelectronbeamsweremeasuredbyanelectronspectrometer

thatiscomposedoftwoseparatedipolemagnetsinsuccessionwithmagnetic

fieldstrengthsof1.12Tand0.84T.AlongtheBetatronpropagationaxis,at

1.23mawayfromthegasjetcenter,thereisaLanex(KodakFineseries)

fluorescentscreenangledat45degreeswithrespecttothebeamaxistolook

attheBetatronfar-fieldbeamprofileaswellastomonitortheshottoshot

intensityvariation.Topreventthemainlaserpulsefromenteringtheoptical

systemsandfromdamagingtheLanexfilmatthisposition,B10filterfoils,

consistingofa2µmpolyesterfilmcoatedwith200-nm-thickaluminum,were

usedaslight-prooffiltersinsertedinthebeampathinthetubeconnectingthe

gasjetchamberandtheKBMicroscopechamber.

TheBetatronsignalwasoptimizedbyscanningthelaserfocalpositionsin-

sidethegasjetandthebackingpressureofthegas.Undertheoptimumcondi-

tions,theaveragefluxofthegeneratedX-rayphotonsat1.5keVduringtheex-

perimentswasestimatedtobeontheorderof108photons/srad/0.1%BW/shot

bycomparingtheLanexemissionintensitywiththepreviousmeasurements,

inwhichtheLanexsignalwascalibratedtoaphotoncountingX-rayCCD

signal[66].TheaveragedivergenceoftheBetatronemissionunderthepresent

conditionswasmeasuredtobeapproximately24mrad×12mrad(H×V).

Arectangularaperturewiththewidthof5mmwascutinthecenterofthe

fluorescentscreeninordertoletthecenteroftheradiationpassthroughtothe

remainderofthemeasurementsystem.

ToassureadequateX-rayphotonfluxfordetectingtheabsorptiondipsof
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thewarmdensealuminum,theBetatronX-rayemissionwasfocusedbyan

adjustableKBMicroscopeontothealuminumtarget.TheKBMicroscopewas

setatademagnificationoftwofoldtogiveanincidentprobeconeanglewhich

wouldresultinaspectralwidthof∼24eVwhenanalyzedusingaKAPcrystal.

Thetwo10-cm-lengthKBmirrorswerecylindricallycurvedandwerecoated

with15nmofPlatinum. ThemirrorpairoftheKBmicroscopeisarranged

suchthatthefirstmirrorfocusestheX-raysinthehorizontalplanewhilethe

secondonefocusesintheverticalplane.Forconvenienceandclarity,wename

thefirstmirrorashorizontalfocusingmirrorandthesecondoneasvertical

focusingmirrorhereafter.Theradiusofcurvature(ROC)oftheeachmirroris

adjustableinonedimensionbyapplyingavariableforceindividuallyateach

endofthemirrorstripthroughtwospringmetalplatesthatareconnectedto

piezo-drivenmotors.Tomeasurethetwo-dimensionalX-rayfocalspotfromthe

KBMicroscope,aLanexfluorescentscreen(KodakMediumseries)wasplaced

atthesampletargetposition. Thefluorescenceemittedfromthescreenwas

collectedbyanf/2.5lenssystemandimagedtoasensitiveelectronmultiplier

CCD(EMCCD)camera.TheX-rayscouldbefocusedatthetargetplaneby

adjustingtheROCoftheKBmirrorswhileobservingtheX-rayfluorescent

spotonthefluorescentscreen. MoredetailsonthefocusingoftheX-rays

aregiveninSection9.2.1.RaytracecalculationsoftheKBmicroscopesystem

haveindicatedatemporalstretchingofthex-raypulseduetoaberrationsinthe

imagingsystemoftheorderofafemtosecondatthesampletestposition.Thus

aberrationsinthex-rayimagingsystemshouldnotcausesignificantstretching

oftheBetatronprobepulse.

AflatKAPBraggcrystalspectrometerwasemployedtoresolvethespec-

trumofthetransmittedX-raysaftertheinteractionplane. TheKAPBragg

crystalisasyntheticcrystalthathasa2dspacingof26.63Å,whichcorre-

spondstoaBraggangleθBof18.09
oat1.5keVwhenusedinits1stdiffraction

order.Thecrystalhasanactiveareaof5cm×2cmandwasmountedona
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motorizedrotationalstagetohaveonedegreeoffreedomtoadjusttheinci-

dentangleoftheX-rays. AnX-RayCCD(PrincetonInstruments,PIMTE:

1300B)wasusedasthedetectorforthespectrometersystem.Itisavacuum

compatibleback-illuminatedCCDwithoutARcoatingforsensitivedetection

oflowenergyX-rays.Thecompactnessandthevacuumcompatibilityofthis

modelofCCDallowedustofittheentirespectrometersetupinsidethevacuum

chamber.

9.2.1 X-rayFocusingusingbendable Kirkpatrick-Baez

Microscope

ItiswellknownthatKBMicroscopeisanachromaticX-rayinstrumentinthat

thehigh-ZcoatedmirrorreflectswhateverX-rayenergyisincidentbutwith

areflectivitythatfallsoffwithphotonenergyaboveacertaincriticalenergy.

Thecutoffphotonenergyisgivenbytheenergythathasacriticalanglefor

totalinternalreflectionequaltotheincidentgrazingangle.Inotherwords,

byselectingapropergrazingangleandproperinputfilters,onecanselecta

certainbandwidthofX-rayswhicharetransmittedbytheKBMicroscope.

Fig.9.3plotsthetheoreticalreflectivityof1.5keVX-rayasafunctionofthe

grazingangleforplatinumobtainedfromFresnelreflectiontheoryusingscatter-

ingfactorsfromNISTtables[153].Forcomparison,thereflectivitycomputed

withtheX-rayOrientedPrograms(XOP)software[170]isalsoplottedonthe

samegraph.Forthiscase,theX-rayscatteringfactorsweretakenfromthe

built-indatabaseofXOPso-calledDABAX[170]. Notethatinbothcalcula-

tions,theroughnessofthemirrorcoatingisnotconsidered,whichmaycause

somedegreeofreductioninreflectivitydependingonhowwelltheplatinumis

coated[157].Lessthan10%ofdeviationisobservedbetweenthetwocurves,

whichmainlycomesfromtheslightdifferenceoftheatomicscatteringfactors

thatareusedineachcalculation.Thethroughputofasinglemirror,i.e.,the
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Figure9.3:TheoreticalreflectivityofPlatinumat1.5keVversusgrazingangle.
Thebluesolid(blackdashed)curverepresentsthereflectivityobtainedfrom
FresneltheoryusingscatteringfactorsfromNISTtables(XOPcalculationsus-
ingscatteringfactorsgeneratedfromitsbuilt-indatabaseso-calledDABAX).
Thereddashedcurverepresentsthetheoreticalthroughputof1.5keVphotons
forasingle10cmKBmirrorversusgrazingangleofincidencethatisposi-
tionedthesamedistancerelativetogasjetcenterasintheexperiment.The
insetshowstheBetatronspectrumaftertwoKBmirrorsforagrazingangleof
incidenceof2oandaftertheB10filterfoilsthatwereusedintheexperiments.

155



productofthereflectivityandtheapertureanglespannedbythemirrorstrip

relativetothegasjetcenter,isalsoshowninFig.9.3basedontheFresnel

reflectivity. Asindicatedbythecurve,aregionofmaximumthroughputis

reachedwithgrazinganglerangingfrom1.7oto2.1oforathroughputabove

95%.Inourexperiments,thecriticalenergyEcoftheBetatronsourcewas

estimatedtobearound13keV,closetothevalueofEc=12.3keVthatwas

previouslyreportedinRef.[66].Therefore,incomputingthereflectedspectrum

oftheBetatronradiationbythetwoKBmirrorswithgrazingangleof2de-

grees,theBetatronsourcewasassumedtohaveaEcof13keVandtheresult

ispresentedintheinsetofFig.9.3.NotethattheX-raytransmittanceofthe

totalof3layersofB10foilsthatwereusedintheexperimentsisalreadytaken

intoaccountincomputingthereflectedspectrum.ThereflectedBetatronspec-

trumindicatesthatanX-raypulsecenteringat1.5keVwithabandwidthof

∼700eV(FWHM)isselectedfromthebroadbandBetatronspectrumbythe

KBmicroscopetogetherwithB10filters. Notethatthesharpedgeobserved

inthespectrumistheK-edgeofaluminumthatiscoatedonbothsidesofthe

B10foils.

TheincidentangleofX-raysoneachmirroroftheKBMicroscopewasset

totheoptimumrangefor1.5keVbyusingthesamemethodofmeasuringthe

separationbetweenthe1Dfocusedlineimagesandthe2Dfocalspotimageas

usedinRef.[157]. Thefinalgrazinganglesofthehorizontalandthevertical

mirrorsweremeasuredtobe1.96o±0.02oand1.81o±0.03orespectively.The

grazingangleswerefixedfortheentireexperimentandthefocalspotwas

optimizedbyadjustingtheROC’softhetwomirrorsasmentionedearlier.

InitialmeasurementsoftheROC’sofbothmirrorswerecarriedoutoffline

bymeasuringthedistancerelativetotheKBmirroroftheinterceptoftwo

parallelHeNebeamsfocusedbytheKBmirroratclosetonormalincidence.

ThemeasurementsdemonstratedthattheROCoftheKBmirrorcouldbebent

frominfinityallthewaydownto16m,correspondingtoafocallengthrange
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Figure9.4:Sketchthatshowsthedefinitionofvariablesforcomputingthe
angularrangeofX-rayatKAPcrystal.

of28cmtoinfinityforagrazingangleof2o.

9.2.2 X-raySpectrometrywithflatKAPBraggcrystal

TheperformanceofaBraggcrystalspectrometerismainlydeterminedbythe

detectionbandwidth,spectralresolutionanditsreflectivityinthedesiredX-

raywavelengthrange.Thesethreeparameterswillbeevaluatedinthissection

foroursystem.

DetectionBandwidth

TheBraggcrystalreflectsX-raysaccordingtotheBraggdiffractioncondition:

2dsinθB=nλ (9.3)

wheredisthelatticespacing,θBisgrazingangle,nisanintegerrepresenting

thediffractionorderandλisthewavelengthoftheincidentX-rays.TheBragg
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conditionimpliesthateachX-raywavelengthisreflectedataspecifiedanglefor

agivendiffractionorder,hence,toestimatethebandwidthofaBraggcrystal

spectrometer,onehastoknowtheangularrangeoftheX-raysthatreachthe

crystal. TheobservedbandwidthofourBraggcrystalspectrometercanbe

derivedbyanalyzingthegeometryofourX-rayimagingsystem.

Forsimplicity,weassumeanidealradiationpointsourceandaperfect

linefocusthatisformedbyasingleKBmirror. SincetheX-rayspectrum

isdispersedinonedimensionbythecrystal,weonlyconsiderthehorizontal

focusingmirrorinourKBsystemthatfocusestheX-raysinthemeridional

plane,i.e.,theX-raydispersionplane. Weassume,asisthecasehere,thatthe

lengthoftheregionemployedfordispersionontheKAPcrystalismuchsmaller

thanthelengthofthecrystal.AsindicatedinFig.9.4,theanglespannedby

theKBmirrorrelativetothesourceisα,thegrazingangleatthecenterof

themirrorisdenotedbyϕandtheanglesubtendedbytheKBmirrorrelative

tothefocusbyβ. Theupperandlowerboundsofthegrazinganglesatthe

KAPcrystalaregivenbyθ1andθ2respectively.Thedistancefromthesource

toKBmirrorisrepresentedbypandthedistancefromthemirrortofocusby

q.Fromthegeometriclayout,onecanderivethat:

β=θ1−θ2=∆θ (9.4)

Andafterabitofalgebra,onecandetermineanequationforβ:

β=arctan(
q∗tan(ϕ)

q−L/2
)−arctan(

q∗tan(ϕ)

q+L/2
) (9.5)

whereListhelengthofthemirror.Substitutingq=Mp intoEqn.9.5,

whereMisthemagnificationratiogivenbyq/p,gives:

β=arctan(
pM∗tan(ϕ)

pM−L/2
)−arctan(

pM∗tan(ϕ)

pM+L/2
) (9.6)
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Substitutingλbyhc/EintoEqn.9.3,whereEistheX-rayenergywhose

BraggangleisθB atdiffractionorderofn,histhePlanckconstantandcis

thespeedoflightinvacuum,takingthederivativesonbothsidesandsolving

for∆E,gives:

∆E=
2dcosθBE

2

nhc
∆θ=

2dcosθBE
2

nhc
β (9.7)

Inpracticalunitsford=1.3315nmandn=1,Eqn.9.7canberewrittenas:

∆E(eV)=2.148cosθBE
2(keV)∆θ(mrad) (9.8)

Eqn.9.8togetherwithEqn.9.6willgivethedetectionbandwidthofour

Braggcrystalspectrometer.Forinstance,givenourexperimentalparameters

fortheKBMicroscope,i.e.:p=130cm,M =0.5,L=10cmandϕ=1.96o,

Eqn.9.6yieldsβ= ∆θ 5.25mrad. Substituting∆θ=5.25mrad into

Eqn.9.8alongwithotherparameters,i.e.:θB=18.09
oandE=1.5keVgives

∆E 24eV,whichisadequatetocovertheabsorptiondipsfortwocharge

statesofaluminum,aspresentedinFig.9.1,byviewingawindowfrom1483

to1507eV.Thisspectralwindowcanbeexpandedifdesiredbyincreasing

thesubtendedangleoftheX-raysbyincreasingtheKBdemagnificationratio.

However,thebrightnessofthesignalwilldecreaseproportionately.

SpectralResolution

ThetotalspectralresolutionoftheBraggcrystalspectrometerislimitedby

thefollowingfactors:

1)Theintrinsicresolvingpowerofthecrystalwhichismainlyattributed

totheimperfectionsinthecrystallinelattice. Asshownexperimentallyin

Ref.[171],theresolvingpower,λ/∆λ,ofKAPcrystalinthefirstorderofdiffrac-

tionforwavelengthbetween1.54̊Aand23.7Åcanreachabove2000,which

suggeststhatthespectralresolutionoftheKAPcrystalisoftheorderof0.75

eVneartheAlKαline.
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2)ThepixelsizeoftheX-rayCCDthatdefinesthespatialresolutionofthe

detector.ThepixelsizeoftheCCDinourexperimentsis20µm.Thespectral

widthcorrespondingtothispixelsizeisestimatedtobe0.35±0.01eVfora

detectorat13cmawayfromtheKAPcrystalforthefirstorderofdiffraction

basedonthespatialshiftsoftheX-raysontheCCDwhenrotatingtheKAP

crystal.

3)ThespatialbroadeningduetotheBetatronsourcesizeandtheaberration

oftheKBmicroscopesystem. Thesetwoeffectsweresimulatedusingthe

SHADOWX-raytracingprogram[172]thatisanextensionpackagetothe

XOPsoftware.IntheSHADOWsimulations,reflectivitiesofthetwoKB

mirrorsandtherockingcurveoftheKAPcrystalweretakenintoaccount.

ThetransversesizeoftheBetatronradiationhasbeenmeasuredinRef.[66]

tobearound2µmusingtheknife-edgetechnique.TheSHADOWsimulation

tendstoindicateanegligibleeffectfromthissmallsourcesizeonthespatial

broadening.ItisworthwhilementioningthattheBetatronradiationmayhave

alongitudinalextensionofhundredsofmicronthatdependsontheplasma

densityandconditions[173]. Nonetheless,thankstothesmallapertureangle

(∼2.6mrad)oftheKBmirrorrelativetothesource,theeffectduetothis

magnitudeofthelongitudinalextensiononthespatialbroadeningisequivalent

toatransversesizeof1-2µmatthesourceposition,whichagainisnegligible.

Ontheotherhand,asindicatedinFig.9.5,theSHADOWsimulationshows

thatatthebestfocusconditionoftheKBmicroscope,thelinebroadening

inthedispersiondirectionduetotheaberrationofthetwoKBmirrorsis

approximately43µmatthedetectorposition,correspondingtoaspectral

widthof0.75eV.

4)Sincemultipleshotswilltypicallyberequiredtorecordspectrathereis

alsoacontributionfromshottoshotvariationsofsourceposition.Theshotto

shotvariationsofthesourcepositionconsequentlyleadtothespatialmotion

oftheprobespotatthetargetposition,whichwasmeasuredtobearound16
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Figure9.5:ContourplotofthesimulatedbroadenedAlKαlineatX-rayCCD
positionusingSHADOWprogram.ThisisachievedwiththeKBmicroscopeat
thebestfocuscondition.ALorentzianfittothehorizontallineoutoftheAlKα
lineshowsaFWHMof43um.Theintensitydistributioninverticaldirection
isratheruniformwithalengthof∼1.6mm.Thesimulatedgeometriclayoutis
thesameasthatinFig.9.2.Theinputparametersforthesourceareasfollows:
(1)photonenergyandnumberofray:1.487keVand20,000;(2)transverse
spatialdistribution:GaussianwithFWHMsizeof2µminbothhorizontaland
verticaldirections;(3)longitudinalspatialdistribution:uniformwithlengthof
400µm;(4)angulardistribution: GaussianwithFWHMangleof4mradin
bothhorizontalandverticaldirections.
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µmbytakingthestandarddeviationoftheimagespotcentroidpositionsfor

aseriesofdatashots.Theinfluenceofthevariationoftheprobespotposition

onthespectralblurringcanbesimulatedbytakinga64µm(FWHM)effective

sourcespotsize(duetothe2XdemagnificationoftheKBmicroscopesystem).

WhenthisisdonetheeffectivewidthontheCCDdetectorbecomes ∼50µm,

whichcorrespondstoaspectralwidthof0.88eV.

Fromtheaboveanalysis,onecanseethattheresolutionofoursystemis

limitedprimarilybyresolvingpowerofthecrystal,theaberrationoftheKB

microscopeandtheshottoshotvariationsinsourcespotposition.Assuming

thefinalresolutionisthequadraticcombinationoftheabovefourwidths,one

canobtainthetotalresolutionofoursystemof∼1.4eVoraresolvingpower

of∼1100neartheAlKαline.

Reflectivity

ThereflectivityoftheKAPcrystalwascalculatedusingthebuilt-inXcrystal

functionofXOP,whichisspecifiedtocomputethereflectivityforperfectand

mosaiccrystals.IncalculatingtheX-rayreflectivity,XOPutilizestheDABAX

databasetodefinethecrystalstructureandtoretrievethescatteringfactors

tobuildthecrystalstructurefactors.InputparameterstoXcrystalaregiven

asfollows:theKAPcrystalwasassumedperfectwithMillerindicesof(001),

thetemperaturefactorwassettounityandthe Mosaiccrystalwasturned

off,thecrystalwastreatedinBragggeometryandthebeamintensitywas

calculatedinthediffracteddirection,theRockingcurvewascenteredatzero

degrees,theX-rayenergywasfixedattheAlKαline,i.e.:1.487keV(8.34̊A),

andtheasymmetryangleofthecrystallinesandthethicknessofthecrystal

weresettozeroand3mmrespectively.Theprogramautomaticallyconsiders

theabsorptionoftheX-raysbythecrystalandalsoautomaticallyseparates

theresultsforp-polarizationands-polarization. Resultsofthereflectivities

forpandspolarizationsarepresentedtogetherinFig.9.6. Theintegrated
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Figure9.6: RockingcurveofflatperfectKAPcrystalat1.487keVachieved
withXOP.Solidcurve:s-polarizedlight,dashedcurve:p-polarizedlight.

reflectivity,peakreflectivityandFWHMangleofthecalculatedRockingcurve

forKAPcrystalare89.8(123.9)urad,0.386(0.463)and174.6(205.2)uradfor

p(s)polarizationlightrespectively.Bycomparingtothemeasuredintegrated

reflectivitiesforunpolarizedAlKαlightasreportedinRef.[174](∼83urad)

andRef.[175](∼86urad),onefindsthattheunpolarizedintegratedreflectivity,

averageofthepandspolarizations,achievedbytheXOPishigherby∼30%

duetotheidealnatureofthesimulatedcrystal. Thus,tobemorerealistic,

wechosethep-polarizedRockingcurvetorepresenttheactualbehaviorofthe

KAPcrystalforanySHADOWsimulationsthataredescribedinthispaper.
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9.2.3 MeasurementEfficiencyoftheIntegratedSetup

Themeasurementefficiencyofoursetupisdefinedastheratioofthenumber

ofX-rayphotonsofinterestwithinabandwidthof∆EcollectedbytheX-ray

CCDaftertheKAPcrystaltothetotalofalltheemittedsameenergyX-ray

photonsgeneratedbytheBetatronoscillationsinlaserwakefieldcavity.Fora

givenfluxofNe(ν)photonspersteradianper0.1%BWpershot,thenumber

ofX-rayphotonspershotwithinacertainbandwidth∆Eattheenergyof

interestthataredetectedbytheCCDchipNd(ν)canbegivenby:

Nd(ν) Ne(ν)
∆E

0.1%BW
{ΩkbRkb(ν)}{

WcRp
∆θ
}QE(ν)T(ν) (9.9)

Hereweassume∆Eisrelativelysmallsuchthatthephotonfluxperunit

energycanbetreatedasaconstantwithinthisrange.Insidethefirstbracket

aretheKBmicroscopeparameters,withΩkbrepresentingthesolidangleand

Rkb(ν)thetotalcombinedreflectivityoftwoKBmirrors.Insidethesecond

bracketistheeffectivereflectanceoftheKAPcrystal,withWctheFWHMan-

gleoftherockingcurve,∆θtheangularwidthofalltheimagedraysstrikingthe

KAPcrystalsurface,andRpthepeakreflectivityoftherockingcurve.QE(ν)

isthequantumefficiencyoftheX-rayCCDandtheT(ν)isthetransmission

oftheoverallfilterssetinthebeampath.

DividingEqn.9.9bythetotalemittedphotonsofinterestNe(ν)Ωe∆E/0.1%BW,

withΩethebetatronemissionsolidangle,onecanobtaintheoveralldetection

efficiencyηofoursystem,whichisgivenby:

η {
Ωkb
Ωe
Rkb(ν)}{

WcRp
∆θ
}QE(ν)T(ν) (9.10)

Forexample,wecanestimatetheefficiencyforthe1.5keVphotonsthat

weareinterestedinusingtomeasuretheionizationstatesofthewarmdense

aluminum. Tofirstorder,weassumeQE=1andT=1;Substitutingour

experimentalconditionsintoEqn.9.10,i.e.:Ωkb 4.3µsrad,Ωe 288µsrad,
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Rkb 0.62,∆θ 5.25mrad,alongwithXOPsimulatedRockingcurvepa-

rametersoftheKAPcrystal,i.e.:Wc 174.6µradandRp=0.386,gives

η∼7×10−5.

Toverifythederiveddetectionefficiency,SHADOWsimulationwasimple-

mented.Alltheinputparametersarethesameasthoseusedinthesimulation

thatproducestheresultshowninFig.9.5exceptthedivergenceangleofthe

sourcewaschangedtothemeasuredresultof24mrad×12mrad.Notethat

nofilterswereinsertedintothesimulatedlayoutinordertocomparewiththe

aboveestimation,andthedetectorattheCCDpositionisassumedtobea

perfectdetectorwithaquantumefficiencyofunity. Multiplerunsofthesim-

ulationyieldatotalrayintensityof2.2wasdetectedattheCCDpositionfor

atotalinputintensityof25,000ofthesourcerays,whichgivesasimulated

detectorefficiencyηs∼9×10
−5.NotethattheSHADOWprogramassumes

theintensityofeachrayisoneatthesourceand25,000isthemaximumnum-

beroftheinputrays. Thus,thereisagreementbetweenthesimulationand

calculatedresultwhichallowsustopredictthenumberofphotonsofinterest

detectedbytheCCDchip.

9.3 Results

9.3.1 X-rayFocus Measurement

AtypicalsingleshotimageoftheKBimagespotfortheBetatronradiationfor

agivencombinationoftheROC’sforthetwograzingincidentmirrorsisshown

inImage(a)ofFig.9.7.Asclearlyindicatedbythelineoutsplottedin(c)and

(d),inthehorizontaldirection,thespothasamuchgentlerfallingedgeonthe

left,whichmanifestsitselfasaslopingtailasshownin(a),andinthevertical

directionithasashoulderdownwards.TheFWHMofthespotinhorizontal

andverticaldirectionsforthisROCconditionismeasuredtobe67±6umand

63±6umbyaveragingover14consecutiveshots,withtheerrorbarbeingthe
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Figure9.7: ImagesoftheBetatronradiationatthe WDMtargetposition
observedusingthefluorescentscreenimagingsystemforagivencombination
ofROC’sforthetwoKBmirrors.(a)isthemeasuredsingleshotfocalspotand
(b)istheZemaxsimulatedspotthatisfoundtobestmatchthemeasuredone
shownin(a).Intensitiesofbothimagesarenormalizedtounityforcomparison.
Thehorizontallineoutsofspot(a)and(b)areplottedin(c),whilethevertical
areshownin(d).Lineoutpositionsareindicatedbythewhitelinesin(a)and
(b),andthelinewidthsaresetidenticallyto60umsuchthatitisadequately
widetocovertheasymmetricfeaturesobservedinbothspots.
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standarddeviationofthemeasurements.Toassesetheexperimentalfocalspot

results,araytracingprogramcalledZemax[176]wasappliedtomodelourKB

microscopesetup.

Non-sequentialmodewasusedfortheZemaxsimulations,andthemajor

inputsettingsaredescribedbelow:thesourcewasdefinedasacircularsource

withafullwidthof2uminbothXandYaxes. Hereweomittedthelon-

gitudinalextensionofthebetatronsourceintheZdirectionsincetheeffect

isnegligibleasdescribedpreviously. Raysfromthesourceareemittedina

GaussiandistributionwiththeFWHMdivergenceangleof4mradforboth

horizontalandverticaldirections,whichiswiderthantheacceptanceangles

ofbothKBmirrors.TheangleofeachKBmirrorrelativetothepropagation

axiswasfixedatthesameangleasthatsetintheexperiments. TheROC’s

ofthetwoKBmirrorsarethetwochiefvariablesthatwereadjustedtomatch

thefocalspotswiththoseachievedfromtheexperiments. Thepixelsizeof

thedetectorwassetsmallerthantheinstrumentalresolutionoftheimaging

system,andthedefaultsmoothingmethodonthespotimagewasturnedoff.

Therawsimulatedfocalspotwasconvolvedwitha2-DGaussianinstrumen-

talfunctionwithFWHMof15umestimatedastheapproximateresolution

ofthesystemusedtoimagetheX-rayfluorescentspot. Anexampleofthe

processedspotobtainedfromtheraytracingsimulationispresentedinimage

(b)ofFig.9.7.ThisspotwasachievedwiththeROCsof21.8mand22.0mfor

thehorizontalandverticalfocusingmirrorsrespectivelyandisfoundtobest

matchtheexperimentalspotasshownin(a). Whilethegeneralwidthsofthe

spotsarematchedfairlywell,discrepanciesarenoticedbetweenthesimulated

andmeasuredspotsinthewingsoftheprofile.Forinstance,inthevertical

direction,thesimulationdoesnotseethepedestalshouldersasseeninexperi-

ment.Furthermore,thehorizontallineoutofthesimulatedspotfallsofffaster

onthelefthandsidethantheexperimentalone.Theaforementioneddisparities

maybecausedbythefollowingtwofactors:a)thepossiblenon-uniformityof
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theROCacrosstheKBmirrorandb)scatteringoflightinthediffuselayer

oftheLanexscreen. Asmentionedearly,therearetwomotors,oneateach

endofthemirror,tobendthe10-cm-longmirror.Henceitispossiblethatone

canbendthemirrornon-uniformlyandacertainamountofnon-uniformity

ofROCmayexistacrossthemirrorintheexperiments.Thisnon-uniformity

maycontributetotheextrashoulderfeaturesseenintheexperiment. The

scatteringofgeneratedopticalphotonswithintheLanexscreenmayalsoplay

aroleinblurringandproducingadiffusehalospotaroundtheinitialspot.In

contrast,theZemaxsimulationassumesperfectlycurvedmirrorsandaperfect

detectorwherenoscatteringeffectispresent.

9.3.2 X-rayCCDImageProcessing

Fromtheestimateddetectionefficiencyof7×10−5andexpectedsourcebright-

nessof1×108photons/srad/0.1%BW,weonlyexpecttodetectahandfulof

photonsperlasershotatthedetector.Fig.9.8(a)showsacroppedregionofthe

rawX-rayCCDimageinwhichthesignaloftheKAPcrystalislocated. As

shown,duetobackgroundhardX-rayshittingthedetectorfromthewakefield

electronsource,therawimageisquitenoisysuchthattheactualsignalre-

flectedbytheKAPcrystalishardtoseeintheimage.Thebackgroundarises

fromtheenergeticwakefieldelectronsgeneratingγradiationuponimpacting

materialswhichinturnproducesecondaryradiationthroughoutthelaboratory

areaforeachlasershot.Nonetheless,asweknowtheCCDbrightnessresponse

isessentiallyapulseheightresponseproportionaltophotonenergy,inprin-

ciplewecanisolatethesignalpixeleventsforphotonsofaparticularenergy

fromthoseatotherenergiescausedbythespuriousbackgroundatrandom

energies.Analgorithmknownassingle-pixelevent[177,178]wasimplemented

toreconstructtheBraggcrystalspectrum.Priortothealgorithm,acleanup

methodonthebackgroundsubtractedimagewascarriedouttoeliminatethe

multipleconnectedpixelswhichareevidentlyintroducedbythebackground
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(a)

(b)

Figure9.8: (a)Croppedimageoftherawsingle-shotX-rayCCDimage(b)
ProcessedX-rayimageusingthesingle-pixeleventalgorithmforthesamedata
of(a).RedboxesindicatetheapproximateregionwherethereflectedX-rays
fromtheKAPcrystalarelocated.
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X-raysasseeninFig.9.8(a).AsdescribedinRef.[177],inthesingle-pixelevent

algorithm,theratioofeachpixeltothesumofitandtheadjacent8pixelswas

usedacriteriontodeterminethesingle-pixelevent.Inourcase,thisratiois

61%bysettingthepixelvalueas3timesoftheCCDnoiselevelforalladjacent

8pixels.Furthermore,forsimplicity,afterthealgorithm,weonlykeepthepix-

elswithin1to2keVpulseheightrange.Frompreviouscalibrationsweknow

that150countsapproximatelycorrespondsto1.5keV.Asanexample,the

processedimageusingtheaboveapproachisshowninFig.9.8(b),whoseraw

imageisdepictedinFig.9.8(a).AsindicatedinFig.9.8(b),afterthesingle-pixel

eventalgorithm,thereisaclearclusterofbrightpixelsthataresituatedinthe

middleoftheprocessedimage.Inaddition,thelocationoftheclusteragrees

withwhatweexpectbasedontheincidentangleofKAPcrystal,implying

thatthisclusterofbrightpixelsofthecorrectenergyistheX-raysignalthatis

reflectedbytheKAPcrystal.Thetotaltransmissionoftheoverallfiltersthat

wereusedinthisdatashotisapproximately0.5at1.5keV,andthequantum

efficiencyQEofourCCDchipisaround73.5%at1.5keVaccordingtothe

manufacturer’sspecifications.SubstitutingthesetwoparametersintoEqn.9.9,

andusingtheestimateddetectionefficiencyof7×10−5,onecanobtainthecor-

rectedoveralldetectionefficiencyof2.6×10−5foroursystem.Thisdetection

efficiencygivesthenumberof1.5keVphotonsthatweexpecttobedetected

bytheCCDchipasNd 12forthedetectionbandwidth∆Eof24eVandan

averagesourcefluenceof108photons/srad/0.1%BW.Thisestimatednumber

ofphotonsisclosetowhatweobserveinFig.9.8(b)wherearound19X-ray

photonsaredetectedafterbackgroundsubtractionforaparticularbrightspot.

9.3.3 X-ray WavelengthTuning

Thefactthatinasingleshotonlyadozenof1.5keVphotonsmanagetoreach

theCCDchipnecessitatesmultiple-shotoperationinordertoobserveenough

photonstostatisticallymeasuretheabsorptionfeaturesasshowninFig.9.1.

170



450 500 550 600

600

650

700

750

750 800 850 900

600

650

700

750

900 950 1000 1050

600

650

700

750

600 650 700 750

600

650

700

750

(a)g=16.90
o (b)g=17.55

o

(c)g=18.20
o (d)g=18.80

o

Y
(
pi
xe
l)

X(pixel)

Figure9.9: AccumulatedX-rayCCDimagesfordifferentgrazinganglesofthe
KAPcrystal.Thenumberofaccumulatedshotsateachanglevariedfrom20
to30shots.Notethatno WDMtargetwasfieldedinthesemeasurementsand
theX-rayfiltersappliedhereareidenticaltothoseusedinFig.9.8.Redboxes
hightlighttheapproximatesignalregionsforthedifferentangles.
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Figure9.10: X-raywavelengthtuningoftheKAPcrystal.Thedashedblack
lineistheexpectedX-raytransmissioncurveaftertakingintoaccountallthe
X-rayfiltersinthebeampath.SolidcurvesarethedetectedX-rayspectra
correspondingtotheaccumulatedimagesasshowninFig.9.9;Theintensityof
eachspectrumwasnormalizedtothetotalmeasuredX-rayinputforagiven
numberofaccumulatedshots. Notethatspectralcurvesshownherearethe
smoothedresultsofrawlineoutsusinga3.5eVsmoothingwindow.
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Forinstance,todistinguisha10%absorptiondip,aminimumsignallevelof

approximateonethousandphotonswithinthespectrallinewidth(∼4eV)is

requiredtogive3%standarddeviationleadingtoasignalmeasurementata

confidencelevelof3standarddeviations.

Theaccumulationsofpost-processedCCDimagesforagivennumberof

shotsatfourdifferentgrazinganglesoftheKAPcrystalwerecarriedoutand

theresultsaredepictedinFig.9.9.Intheseimages,thehorizontaldirection

istheenergydispersiondirectionwhereastheverticalisthetransversespatial

dimension. Lookingatthelastthreeimages,(b)-(d),whereclearclusters

ofphotonsareseen,onefindsthattheverticalheightofthesignalregion

isaround1.7mmafterconvertingthepixelnumber(20um/pixel)intomm,

whichmatcheswellwithwhattheSHADOWsimulationshowninFig.9.5.

Alsoanaverageof10photonspershotwasfoundforthesethreeangles,again

agreeingwellwithwhatwepredicted.Inimage(a),thenumberofobserved

photonsdecreasessignificantlyduetothefactthespectrumatthisparticular

BraggangleisshiftedintotheabsorptionregionoftheAluminumK-edge,as

indicatedinFig.9.10.Takingthehorizontallineoutsfortheimagesasshownin

Fig.9.9,andconvertingthepixelunitsintoeV,onecanreconstructtheX-ray

spectraselectedbytheKAPcrystal,andtheresultsareplottedinFig.9.10.

AlsoplottedinthegraphistheX-raytransmissioncurveafterconsideringall

thefiltersthatwereinsertedinthebeampathofoursystem.Asdepictedinthe

graph,thetrendofthemeasuredintensitiesofX-raypulsesatdifferentenergy

rangesmatcheswellwiththepredictedtransmissioncurve.Furthermore,the

averagespectralwidthofthemeasuredx-raypulsesis(23±2)eV,whichisin

goodagreementwiththepredictedwidthof24eV.However,onecanclearly

seefromthespectralcurveslargefluctuationinthemeasuredspectralsignal,

indicatingthatmanymoredatashotsmustbetakeninordertoreducethe

noiseandallowobservationoftheK-shellabsorptionlinesofwarmdenseheated

Aluminumaswewishtomeasure.Ifweacceptameasurementbandwidthof
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4eVandrequireanrmsmeasurementerrorof3.3%withinthisbandwidth,

approximately1000photonsmustbedetectedwithinthisintervalleadingto

6000photonsdetectedoverourentire24eVbandwidth. Givenadetection

efficiencyof∼10photons/shotwouldrequire600shotspermeasuredspectrum.

9.4 Conclusion

Inconclusion,wehavedevelopedafemtosecondtimescaleX-rayprobefor

time-resolvedmeasurementsoftheionizationstatesofthewarmdenseheated

aluminum. TheX-rayprobeisbasedontheBetatronoscillationsoccurring

inalaserdrivenwakefieldcavity. AsystematiccharacterizationtotheX-

rayprobesetuphasbeencarriedoutboththeoreticallyandexperimentally,

indicatingthatthesourceissuitableforcarryingouthighspectralresolution

timeresolvedX-rayprobinginthe1.5keVX-rayrange. AnoverallX-ray

efficiencyof2.6×10−5isachievedleadingtothedetectionof∼ 10X-ray

photonsinthe24eVmeasurementwindowpershot. Thus,highsensitivity

X-raymeasurementwillrequirehundredsofshotspermeasuredspectrawhich

inprincipleisachievablegiventhe10Hzrepetitionrateoftheactualsource

laser.Inthenextchapter,wecombinethisprobewiththeopticalheatingof

thintargetstoobtaintheabsorptionspectraofthewarmdensealuminum.

174



Chapter10

MeasurementsofIonization

Statesin WarmDense

AluminumwithFemtosecond

BetatronRadiation

InChapter9,wehavepresentedtheresultsofcharacterizingthelaserwake-

fieldgeneratedX-rayprobeformeasuringtheionizationstatesofwarmdense

aluminum.Inthischapter,wepresenttheresultsofintegratingthisX-ray

probewithanopticalheatinglaserpulseforcreatingwarmdensealuminum

andtheresultsofthefirst-timemeasurementofionizationstatesofwarmdense

aluminumwithsuchintegratedsetup.

10.1 PhysicsBackground

IntheintroductionofChapter9,wehaveunderlinedthesignificanceofstudy-

ingtheionizationstatesof WDM,describedthetechniqueofK-shelllineab-

sorptionspectroscopyformeasuringtheionizationstatesofWDMandempha-

sizedthatfemtosecondBetatronradiationgeneratedfromthelaserwakefield
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accelerationisanidealtoolformeasuringsuchphenomenaonthetimescaleof

femtoseconds.Inthissectionweturnourattentiontothecalculationofopacity

thataccountsforradiationabsorptioninthetechniqueofK-shellabsorption

spectroscopy.Thegoalofthisworkistodevelopasimplemodelwhichcanbe

incorporatedasapostprocessorforhydrodynamicsimulationsoftheplasma

expansiontopredictthelineofsightintegratedx-raylineabsorptionforany

givenplasmadensityandtemperatureprofile.

Knowledgeabouttheopacityofmaterialsisofgreatimportanceinthe

studyofstellarinteriors.Assuch,mostofmodelsforcalculatingtheopacityin

materialsweredevelopedbyastrophysicistsandcanbetracedbacktotheearly

1900s.However,inthe1980s,theinterestinthissubjectwasarousedagainby

theresearchonhotanddenseplasmasgeneratedbyintenselaserorparticle

beamsinteractingwithmatter. Theconditionsofplasmaproducedinthis

wayaresimilartothoseexistinginstellarinteriors. Undertheseconditions,

transportofenergyreliesinpartontheradiationthatinturnaffectsthe

hydrodynamicbehavioroftheplasma.

Computingtheopacityorphotoabsorptioncoefficientwithahighdegreeof

accuracyisnottrivialasitrequiresrathersophisticatedcomputercodes.The

maindifficultieslieinaccuratedeterminationofenergylevelsforagivenionic

configuration,treatmentofalargenumberofexcitedstatesandlinetransitions

associatedwithdiverseionspecies,aswellasthecomputationofthespectral

lineprofiles. Toavoidthosedifficultiesfortheaccuratecalculationofopac-

ity,weresorttoanapproximatemethodforcomputingopacitiesinhotand

denseplasmasdemonstratedbyTsakirisetal.[179]. Thismethodisbased

ontheaverageionmodelforcalculatingtheoccupationnumbersofvarious

electroniclevelsofafictitiousaverageion[180],assumingLocalThermody-

namicEquilibrium(LTE)conditions.Subsequentphotoabsorptioncoefficients

werecomputedinthehydrogenicapproximationandthenwereappropriately

averagedtoobtainthemeanopacities. Asindicatedinthepaper,theopaci-
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tiescalculatedwiththisapproximatemethodshowreasonableagreementwith

thosefromotherdetailedandmoreelaboratecalculations,inaddition,the

rangesofmassdensityandplasmatemperaturesforcalculatingtheopacities

covertheregionofourinterest,i.e.:warmdensematterregime,therefore,itis

worthwhileforustoemploythisschemetocomputetheopacityofwarmdense

aluminum.

10.1.1 TheAverageIon Model

Theaverageion(AI)modelisanapproximateatomicmodeltodescribecom-

plexatoms(withmorethanoneelectron)thatareembeddedinplasmaenviron-

ment.ThebasicideaoftheAImodelistomakeuseoftheknownhydrogen-like

resultsasmuchaspossible.IntheAImodel,theionofinterestistreatedasa

fictitiousionwith10shellsofelectronssurroundingthenucleus.Thefractional

occupationnumber,Pn,upto10shellsarederivedfromthefollowingsetof

nonlinearequations[179,181]:

Pn =
2n2dn

1+(317A/ρZi)T3/2exp(En/T)
(10.1)

Zi = Z−
n

Pn (10.2)

Zn = Z−
m=n

Pmσnm−Pnσnn[1−(1/2n
2)] (10.3)

En = −13.6×10−3(Zn/n)
2+∆En (10.4)

wheretheelectronsaredistributedindifferentenergylevelsaccordingtothe

Fermi-Diracdistribution. Theprinciplequantumnumberofeachlevelisde-

notedbyn(n=1,2,..,10). Thematerialischaracterizedbyatomicnumber

ZandweightA,thetemperatureT(keV),andthedensityρ(g/cm3). The

ionizationstateZiissimplythedifferencebetweentheatomicnumberand

thetotalboundelectronsgivenby nPninEqn.10.2.Thescreenednuclear

chargeZnatthepositionofthenthshellisgiveninEqn.10.3.Thescreening
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Table10.1:ScreeningconstantsσnmasgivenbyMayer(1947).

m
n 1 2 3 4 5 6 7 8 9 10
1 0.6250 0.9383 0.9811 0.9870 0.9940 0.9970 0.9990 1.0000 1.0000 1.0000
2 0.2346 0.6895 0.8932 0.9400 0.9700 0.9840 0.9900 0.9930 0.9950 1.0000
3 0.1090 0.3970 0.7018 0.8500 0.9200 0.9550 0.9700 0.9800 0.9900 1.0000
4 0.0617 0.2350 0.4781 0.7050 0.8300 0.9000 0.9500 0.9700 0.9800 0.9900
5 0.0398 0.1552 0.3312 0.5310 0.7200 0.8300 0.9000 0.9500 0.9700 0.9800
6 0.0277 0.1093 0.2388 0.4000 0.8540 0.7350 0.8300 0.9000 0.9500 0.9700
7 0.0204 0.0808 0.1782 0.3102 0.4590 0.6100 0.7450 0.8300 0.9000 0.9500
8 0.0156 0.0625 0.1378 0.2425 0.3710 0.5060 0.6350 0.7500 0.8300 0.9000
9 0.0123 0.0494 0.1106 0.1936 0.2990 0.4310 0.5440 0.6560 0.7600 0.8300
10 0.0100 0.0400 0.0900 0.1584 0.2450 0.3530 0.4660 0.5760 0.6700 0.7650

constantsσnmaretakenfromRef.[180]andlistedinTable10.1.Thescreening

constantsessentiallydescribethedegreeofshieldingofthenuclearchargedue

toanelectroninthemthshellasseenbyanelectroninthenthshell.

Usingthescreenedcharges,theenergyofeachlevelEn(keV)isgivenby

Eqn.10.4.ThefirsttermofEqn.10.4isthestandardexpressionforisolatedhy-

drogenicatomiclevelsbutwithnuclearchargereplacedbythescreenedcharge

atlevelnasgivenbyEqn.10.3,whereasthesecondterm∆Enrepresentsthe

energyshiftduetocontinuumlowering[26],whichdescribesthepertubationof

energylevelsduetothecoulombinteractionofthehostionwithfreeelectrons

andotherionsintheplasma.Theexpressionforthisenergyshiftisgivenby

[179]:

∆En(keV)=9.805×10
−3Zi[3.6(ρ/A)

1/3−0.13(7+5/n2)ρ/A] (10.5)

Generally,thisenergyshiftisasmallmodificationtotheinnershellenergy

levelsbutitbecomesimportantwhentheprinciplenumberishigher.

Inaddition,theAImodeltakesintoaccountthepressureionization[182],a

phenomenonillustratingthechangeoftheionizationpotentialsofboundstates

andtheleveloccupationnumbersduetothescreeningeffectsofneighboring

electronsandionsoccurringwhenatomsarepushedclosertogetherinahigh
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densityplasma. ThiseffectisincludedbythefactordninEqn.10.1andis

givenby:dn =1/[1+(αR
0
n/R0)

β],whereR0=(3Amp/4πρ)
1/3istheion

sphereradiusandR0n=0.529×10
−8n2/Z0nthefreeatomorbitradiusofthe

nthshellwithZ0nthescreenedchargeatthenthshellforaneutralatom.α

andβaretwofreeparametersthatcanbedeterminedbycomparingAIwith

otherplasmamodels.

TheAImodelneglectstheenergysplittingofmajornshellsinton,lsub-

shellsandonlyconsiderstheenergylevelscorrespondingtotheprinciplequan-

tumnumbers.AsfoundinRef.[179],thisapproximationleadstoratherlarge

errorsinionizationpotential(IP)calculationforhigh-Zionssuchasgoldion,

however,forthelow-Zionssuchasaluminum,satisfactoryagreementwas

achievedbycomparingthecalculatedIPfromtheAImodelwithotherex-

perimentalresults. WhileacceptableforIPcalculation,theapproximation

employedintheAImodelmustberefinedforcalculationofanemissionor

absorptionspectra.Toachievethis,aquantumdefectfactor∆nlthataccounts

forthesubshellsplittingsisintroducedintotheEqn.10.4asgiven[183]:

Enl=−13.6×10
−3(

Zn
n−∆nl

)2+∆En. (10.6)

∆nlcanbedeterminedbycomparingthecalculatedlinepositionwithother

plasmaspectroscopiccodesthattakeintoaccountthesubshellsplittingsuch

asUBCAM[184]andPrismSpect[169]. Forexample,forthe1s-2pabsorp-

tionlinesofAl4+andAl5+ions,∆nlwasdeterminedtobe0.027and0.017

respectivelybycomparingthelinepositions(1.49keVforAl4+and1.50keV

forAl5+)calculatedwithPrismSpect.

Theaveragedionizationstates Z calculatedwiththeAI modelusing

α=2andβ=8asafunctionofplasmatemperatureforaluminumata

massdensityof2.7g/cm3aregiveninFig.10.1. Forcomparison,ionization

statesatthesamemassdensitycalculatedwithothermodelssuchasUB-
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(a)Theinversebremsstrahlung(f-f)opacitycoefficientis

κffν =2.78
Z3iρ

A2
√
Te(hν)3

cm2/g (10.7)

whereZiistheioncharge,ρisthemassdensityofthematerialing/cm
3,A

istheatomicweightofthematerial,TeistheplasmatemperatureinkeV,and

hνisphotonenergyinkeV.Noticethattheffopacityκνdependsonρand

thattheopticalthicknessκνρR,whereRisthethicknessoftheplasma,ofa

givenplasmalayerscalesasρ2R.

(b)Thephotoionization(b-f)opacitycoefficientforelectronsstartinginthe

nthshellis

κbfν =12.0
Z4nPn
An5(hν)3

cm2/g (10.8)

whereZnisthescreenedchargeasgiveninEqn.10.3,Pnistheoccupation

numberofelectronsinthenthshell.

(c)Theatomicline(b-b)opacitycoefficientis

κbbν=
6.6×104f(n→n)

A
L(hν)cm2/g (10.9)

Intheaboveequation,f(n→n)istheoscillatorstrengthandisgivenby:

f(n→n)=
32

3π
√
3

Z4nZ
2
n

n5n3
(
EA/2

En−En
)3 (10.10)
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whereEA istheatomicenergyunitandisgivenbyEA =e
2/aB =27.2eV

whereaB istheBohrradiusequalto0.529̊A.L(hν)isthenormalizedline-

shapefunction(L(hν)d(hν)=1)inunitsofkeV−1.

Theline-shapefunctionL(hν)inEqn.10.9isforcharacterizingthespectral

linebroadeningassociatedwiththebound-boundtransitions.Linebroadening

mechanismshavebeenwellestablishedintheareaofatomicspectroscopyand

consistofnaturalbroadening,collisionalbroadening,Dopplerbroadeningand

Starkbroadening[190].Thenaturalbroadeningarisesfromtheuncertaintyof

determiningpreciselytheenergylevelduetothefinitelifetimeoftheexcited

energystate. Thecollisionalbroadeningisduetothefactthattheenergies

oftheabsorbingoremittingionareperturbedwhentheionsuffersfrequent

collisionswithotheratomsorions. TheDopplerbroadeningisaresultof

thethermalmotionoftheemittingorabsorbingions.TheStarkbroadeningis

causedbyelectricfieldsofadjacentelectronsandionsperturbingtheabsorbing

oremittingions.Thefinallinewidthisthecombinationofallofthewidths

causedbytheabovefourbroadeningmechanisms.Forplasmastatescloseto

soliddensityasstudiedhere,linebroadeningduetotheStarkeffectisgenerally

dominantoverotherbroadeningmechanisms[26].However,computingStark

broadeningisquitecomplexandisbeyondthestudyofthisthesis.Toestimate

thespectrallinewidth,weresorttoacommercialplasmaspectroscopiccode,

PrismSpect[169],whichtakesintoaccountallofthebroadeningmechanisms

thatarediscussedhere. WiththehelpofPrismSpect,wecomputedthewidths

ofthe1s-2ptransitionlineforAl4+andAl5+ionsfordifferentmassdensities

andplasmatemperatures,asillustratedinFig.10.3.

Thetotalphotoabsorptioncoefficientiswrittenas[26]:

κtotν =(κ
ff
ν +κ

bf
ν +κ

bb
ν)[1−exp(−hν/Te)] (10.11)

includingthestimulatedemissioncorrection1−exp(−hν/Te),whichreduces
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Figure10.3: 2Dcontourplotsofthecalculatedlinewidth(ineV)of1s-2p
transitionforAl4+(a)andAl5+
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Figure10.4: Comparisonoftheopacitiesofaluminumplasmacalculatedwith
thescreenedhydrogenic(SH)model(dashedredline)andPrismSpect(solid
blueline).Theplasmaisatsoliddensityof2.7g/cm3andtemperatureof30
eV.Theopacitypeaksfromlefttorightareattributedtotheb-btransitionsof
Al4+,Al5+andAl6+ionsrespectively.IntheSHmodel,themassratiosofthese
threeionsandtheirlinewidthscorrespondingtothe1s-2ptransitionsareset
identicaltothosecalculatedbyPrismSpect. Massratios(linewidths)ofthese
threeionsarelistedontheleft(right)columninthetextboxatthebottomof
thegraph.Notethattherestofmass(0.28)isintheformofAl3+ionunderthis
plasmaconditionaccordingtoPrismSpectsimulation.Thelineshapeprofile
foreachionspeciesintheSHmodelwasassumedtobeaLorentzianfunction
withaFWHMequaltothelinewidthachievedbyPrismSpect.
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theabsorptionintheequation.

Anexampleoftheopacitycoefficientforaluminumplasmabasedonthe

screenedhydrogenic(SH)modeldescribedhereisplottedinFig.10.4.Forcom-

parison,theopacityforthesameplasmacalculatedwithPrismSpectwasalso

presented.IntheSHmodel,themassratiosoftheabsorbingions(Al4+to

Al6+)andtheirlinewidthscorrespondingtothe1s-2ptransitionsareset

identicaltothosecalculatedbyPrismSpectatthesameplasmaconditions.As

indicated,fortheb-bopacities,shownasthreepeaksinthegraph,thediffer-

encesbetweentheSHcalculationandthePrismSpectcalculationarewithin

afactoroftwo. Notethatonthetwosidesoftheopacitycurve,afactor

of5indifferenceisfoundbetweentheSHandPrismSpectcalculations.The

discrepanciesobservedhereareprobablyduetothecontributionofothersub-

shelllevelsnotincludedintheSHmodelcalculation,whichmightleadtoa

differentscreenedchargeateachshellfromthatobtainedinthePrismSpect

thatincludesthesubshellsplitting.Inthetwoshoulderregionsoftheopacity

curves,themagnitudesoftheopacityarerelativelysmall,onlyafewhundreds,

thefinaltransmissioncoefficient,givenbyT=exp(−κtotνρR),variesbyless

thanapercentduetosuchadifferencebetweenSHandPrismspectforρRon

theorderof10−5g/cm2correspondingtothearealdensityofthewarmdense

aluminumstudiedinthisthesis.Fortheabsorbingpeaks,thediscrepanciesin

theopacitybetweentheSHandPrismSpectunderthisplasmacondition(2.7

g/cm3and30eV)wouldgivearound50%differenceinthefinalabsorptionco-

efficientforρRontheorderof10−5g/cm2.Thesediscrepanciesintheopacity

calculationindicatethattheSHmodelisanapproximatemodeltocompute

theplasmaopacity.Formoreaccurateresults,opacitymodelsthattakeinto

accountthesubshellsplittingandmoredetailedphysicscalculationsshould

beemployed. Prismspectissuchamodel.InPrismspect,theatomiclevel

populationandionicabundanceinagivenplasmaarecalculatedbasedonthe

collisional-radiative(CR)plasmamodelincorporatingtheresultsofdetailed
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atomicstructuresfromtheDetailConfigurationAccounting(DCA)atomic

model[191]. TheDCAmodeltreatsalltheionizationstagesoftheatomto

bestudiedtogetherwithallthepossibleexcitedstatesincludingthestates

duetothesubshellsplitting. Theatomiclevelenergies,transitionenergies,

oscillatorstrengthsandotheratomicdataareobtainedfromHartree-Fockcal-

culations[192].ThecontinuumloweringeffectisincludedinPrismSpectusing

anoccupationprobabilitymodel[193],supplementedbytheionizationpoten-

tialdepressionformalismofMore[194].Intheoccupationprobabilitymodel,

theeffectivestatisticalweightsofenergylevelsdecreasewithdensity,makingit

difficultfortherelativelyhigh-nstatestobepopulatedathighdensities.The

ionizationenergythresholdsaredepressedusingtheMoremodel,whichresults

inanenhancementofionizationratesandashiftinthelocationofbound-free

edgesincomputedspectra.

10.2 IntegratedPump-ProbeSetup

InChapter9,wehavedescribedindetailthelayoutoftheBetatronX-ray

probeformeasuringtheionizationstatesofwarmdensealuminum. Herewe

presenttheotherpartoftheintegratedsetup,i.e.:thepumplaserorheater

pulseforgeneratingthewarmdensealuminum.Fig.10.5showstheschematic

diagramoftheintegratedpump-probesetup,inwhichtheBetatronX-rayprobe

isidenticaltotheonedescribedinChapter9.Asshown,theheaterpulsewas

pickedoffinthewakefieldchamberbyahalf-inchmirrorfromthemainlaser

pulsethatdrivesthewakefields.Afterthepickupmirror,theheaterpulsewas

senttoadelaystagethatcanbemotorizedfromoutsidethevacuumchamber.

Afterthedelaystage,theheaterpulsewasrelayedtotheKBchamberbyafew

mirrorsviaasecondvacuumtubethatconnectsthewakefieldchamberandKB

chamber.InsidetheKBchamber,apairofthinfilmpolarizers(Altechna,2-

UFP-0800-2060-R1/R2)incombinationwithahalf-waveplatemadeof2-mm-
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thickQuartzwereinsertedintotheheaterbeamlinetoactasanenergyadjuster

fortheheaterbeam. Withthisenergyadjuster,theenergyoftheheaterpulse

attargetcanvaryfromzeroto∼10mJ.Aftertheenergyadjuster,theheater

pulsepassedthrougha1-mm-thickCaF2platethatwasinstalledatasmall

anglewithrespectedtotheheaterpropagationaxis.Afewpercentoftheheater

energywasreflectedbytheCaF2glassplateandthereflectedlightwassent

toaphotodiode(PD)locatedoutsidethechambertomonitortheshot-to-shot

energyvariationoftheheater. Afterenteringintothepump-probechamber,

theheaterpulsewasimagedontoa50-nmfree-standingaluminumfoil,with

aflat-topprofiletoensureuniformheatingofthetarget. Thiswasdoneby

imagingtheopticalwavefrontfroman8-mm-diameteririsinthewakefield

chamberontothetargetusingaCaF2lens(2mmincentralthickness)with

focallengthof8cm.Theangleofincidencefortheheateris40±1degrees,

ascomparedto38.5±1degreesoftheangleofincidencefortheBetatron

probe.Thereflectionoftheheaterpulseafterinteractingthealuminumtarget

wascollectedbyalenssystemanditsenergywasmeasuredbyaphotodiode

detectorinstalledattheimagepointofthelenssystem.Thetransmittedlight

throughthefoilwasalsocollectedandmonitoredbyaphotodiodedetector.

Photodiodecalibrationsweredonebeforetheexperiments.TheinputPD

wascrosscalibratedwithacalorimeter(Gentec,QE25-SP)thatmeasuredthe

pulseenergyatthetargetposition.ThereflectionPDandthetransmissionPD

werethencrosscalibratedwiththeinputPD. Whencalibratingthereflection

PD,adielectricmirrorwithreflectivityof98%at800nmwasmountedin

thetargetpositiontoreflectthelaserpulsetothecollectingsystem. The

signalsofthePD’swerereadoutat100µsafterthelaserpulseusinga500

MHzbandwidthoscilloscope(Tektronix5054B)with1MΩinternalimpedance

setting. Thistimedelayinmeasurementwasemployedtoavoidinterference

fromtheelectricalnoisefromthelaserfiringatt=0.

Atypicalimageoftheheaterbeamprofileatthetargetpositionisshown
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focusedheaterintensitywascontrolledjustbelowthedamagethresholdofthe

glasstomaximizethenumberoffreeelectronsexcitedbymulti-photonabsorp-

tionwhilenotdamagingtheglass.Thewakefieldgenerationopticalprobepulse

wasallowedtopropagateinvacuumthroughtheKBimagingsystemtohitthe

glassplateformingan800µmdiameteropticalspotatthatposition.Asimple

lensimagingsystemwassetuptoobserveanimageofthetransmittedprobe

pulseintheglassplate. Whentheheaterpulseproceededtheprobelaser,a

darkspotinthetransmittedprobelightisobservedatthepositionwherethe

heaterisspatiallyoverlappedwiththeprobelaser,asindicatedintheinset

ofFig.10.7.ThisdarkspotisaresultofinverseBremsstrahlungphotoabsorp-

tionbythegeneratedfreeelectrons. Thedarknessoftheabsorbingspotis

proportionaltothenumberoffreeelectronsexistingattheinstantwhenthe

probelaserarrivesattheglassplate,thereforeitreflectsthesynchronization

informationofthetwolaserpulses.Synchronizationoftheheaterpulsewith

theprobelaserpulseachievedwiththeabovemethodisshowninFig.10.7.

Therisingedgeontherightrepresentstheonsetoftheabsorptionfromthe

focusedheaterbeam.Thehalf-maxpointoftherisingedgeisdefinedasthe

timezeroatwhichtimethepeaksofthetwopulsesoverlaps.Followingthe

risingedgeisaplateau,i.e.:from-40fsto-120fs,wheretheexcitationand

recombinationofthefreeelectronsarebalanced.Aftertheplateau,theabsorp-

tionstartstofalloff,whichindicatesthattherecombinationprocessforthe

freeelectronsdominatesinthisperiod.AsindicatedinFig.10.7,theresolution

ofthissynchronizationmethodisoftheorderof10fs,whichcorrespondsto

thestepsizeofthemotionstagechosenforscanningthedelayoftheheater.

ItisestimatedthattheresidualerrorsrelativetothetrueX-raypulsetiming

areoftheorderof30fs. Accuratetimingcanbeestablishedintheendby

measuringtherapidriseinionizationinthe WDMtargetitselfattheleading

edgeofthelaserheaterpulse.
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10.3 ExperimentalResultsandDiscussions

Fig.10.8(a)andFig.10.9(a)showtherawX-rayspectrameasuredat0.5ps

and1psaftertheAltargetwasheated.Forreference,theX-rayspectrafor

coldorunheatedAltargetwerealsotaken,asindicatedinFig.10.8(b)and

Fig.10.9(b).Forconvenience,wedefinethespectrumachievedwithpumpand

probetogetherasfull-shotspectrum,andtheonewithoutpumpasreference

spectrum.Thepixelnumberlabeledinthehorizontalaxesofallthespectra

representstheX-rayenergy,whichincreaseswiththepixelnumber.Thetotal

numberofshotsacquiredforthesetwodatapointsare174and150respectively.

Theincidentenergyofthepumplaserforheatingthealuminumtargetwas

measuredtobeapproximately10mJ.Asindicated,itisdifficulttodistinguish

theK-shellabsorptiondipsfromtherawfull-shotspectrumasitisnoisydue

tothefinitenumberofX-rayphotonsarrivingatthedetector.However,after

smoothingtherawspectrawithaGaussiansmoothingfunction,theabsorption

dipsbecomeconspicuouswhencomparingwiththecorrespondingreference

spectra.Forbothdelays,asshowninFig.10.8(a)andFig.10.9(a),thedipon

theleftoffull-shotspectrumisaresultofthephotoabsorptionbyAl4+ion,and

theoneontherightisbytheAl5+ion.Notethatforbothdelays,thespectral

intensityofthefull-shotspectrumdiffersfromthatofthereferencespectrum,

whichisduetotheshot-to-shotinstabilityoftheintensityoftheBetatron

radiationgeneratedinthelaserwakefieldcavities.Thishastobetakeninto

accountwhenderivingthefinaltransmissioncurveoftheX-raythroughthe

heatedAltarget.

Dividingthefull-shotspectrumbythereferencespectrum,onecanobtain

theX-raytransmissioncurveofwarmdensealuminum,shownassolidgreen

curvesinFig.10.10.Herethepixelnumberinthehorizontalaxeshavealready

beenconvertedtokeVusingthecalibrationmethodofthespectrometeras

describedinChapter9.ThemeasuredX-raytransmissioncurvewasnormalized
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Figure10.8: (a) MeasuredX-rayspectrum(cyan)at0.5psaftertheAl
targetwasheatedandcorrespondinggaussian-smoothedcurve(red). (b)
ReferenceX-rayspectrumof(a)inwhichthepumpforheatingtheAltarget
wasswitchedoff.TheGaussiansmoothingfunctionsusedfor(a)and(b)are
identicalandhavethesameFWHMof7pixels,correspondingto2.1eVin
thefinalenergyspectrum. Atotalnumberof174shotswereaccumulated
respectivelytoachievethesetwospectra.Themeasuredenergyofthepump
laserattargetwas10mJ.

Figure10.9: SameasFig.10.8butatatimedelayof1ps. TheGaussian
smoothingfunctionusedherehasaFWHMof9pixels,correspondingto2.7
eVinthefinalenergyspectrum.Thetotalnumberofshotsforthisdatais150.
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(a)$ (b)$

Figure10.10:(a)Comparisonofthemeasuredtransmissioncurveatdelayof
0.5pswiththesimulatedtransmissioncurvesobtainedwithdifferentmodels.
Themeasuredtransmissioncurve(greensolidcurve)wasachievedbydiving
thetwosmoothedspectraasindicatedinFig.10.8andwasnormalizedtocom-
parewiththesimulations.Thebluebarsaretheexperimentalerrorswiththe
measuredtransmissioncurve. Forthesimulations,theredsolidcurverep-
resentstheresultbasedonthescreenedhydrogenic(SH)modelassuminga
non-uniformslab;thepinkdashedcurvedrepresentstheresultbasedonthe
SHmodelassumingauniformslab;thecyandashedcurverepresentstheresult
achievedwithPrismSpectassumingauniformslab.(b)Sameas(a)butfor
thedatapointachievedatdelayof1ps,correspondingtothespectrashown
inFig.10.9.Forthetwouniformslabmodels,theequivalentelectrontemper-
ature,massdensityandthicknessusedincalculatingtheX-raytransmission
forthemeasurementachievedat0.5ps(1ps)are24eV(22.5eV),2.5g/cm3

(2.0g/cm3)and59nm(68nm)respectively.Thethicknessesshownherehave
takenintoaccounttheangleofincidenceofthelaser.
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inordertocomparewiththesimulations.Theerrorbarofthemeasurement

wasachievedbytakingtheinversesquarerootofthenumberofthephotons

withinacertainbinwidth.Forthemeasurementsatdelayof0.5psand1ps,

thisbinwidthwassetto4.5eVand5.5eVrespectively.Aslightlybiggerbin

widthwaschosenforthelattercaseduetothehighernoiselevelassociated

withthemeasurement.FromthemeasuredX-raytransmissioncurves,firstly,

onecanfindthattherearetwoabsorptiondips,onenearby1.49keVandthe

otheronenearby1.50keV.Themeasuredpositionsofthesetwodipsagreewell

withthepositionsoftheK-shellabsorptiondipsfortheAl4+andAl5+ions

ascalculatedbyPrismSpect,whichisshowninFig.10.4.Secondly,thetime

dependenceoftheionabundanceisresolved.Atthedelayof0.5ps,asindicated

inFig.10.10(a),thedipcausedbyAl4+ionsisdeeperthanthatcausedbyAl5+

ions,indicatingtheabundanceofAl4+ionsisrelativelyhigherthatofAl5+ions

insidethewarmdensealuminumatthisparticularmoment.Asthetimegoes

on,thewarmdensealuminumcoolsdownandtheionsrecombinewiththefree

electrons,resultinginadecreaseoftheionabundance. Thisisseenbythe

shallowerdipsofAl4+andAl5+inFig.10.10(b).

10.4 SimulationsandDiscussions

TounderstandtheionizedchargedistributionsleadingtothemeasuredK-shell

absorptiondipsatthesetwotimedelays,1Dhydrodynamicsimulationswith

MULTI-fs[195]andplasmaspectroscopicsimulationswereemployed. The

MULTI-fssimulationwasconductedtounderstandthehydrodynamicexpan-

sionafteraperiodof1psoftheultra-thinsolid-densityaluminumirradiated

bythe30fsultra-shortlaserpulse. AnexampleoftheMULTI-fssimulation

isshowninFig.10.12. Thesimulatedphysicalstates,suchasthemassden-

sityandelectrontemperature,oftheheatedaluminumatthetimeofinterest,

wereemployedasinitialconditionsfortheplasmaspectroscopicsimulation
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tocomputetheX-raytransmissioncoefficients. Bycomparingthesimulated

X-raytransmissioncoefficientswiththemeasuredones,onecaninfertheun-

derlyingionizationfractionwiththemeasuredK-shellabsorptiondips.Forthe

plasmaspectroscopicsimulations,bothuniformslabmodelandnon-uniform

slabmodelwereassumedtocomputethefinalX-raytransmissioncoefficients.

Theopacitycalculationsweredonebasedonthescreenedhydrogenic(SH)

modelasdescribedbeforeorweredonewiththePrismSpectsoftware.Inprin-

ciple,therearefourcombinationsofthealgorithmtocomputetheX-raytrans-

missioncoefficientsdependingontheselectionofslabmodelandtheopacity

model.However,duetotheexpensivecomputationalcostandthecomplicated

datapost-processing,thenon-uniformslabmodelwithPrismSpectOpacity

wasnotconsideredhere.DetailsofthesethreemodelsaregiveninAppendix

C.Hereweonlygivebriefoverviewofeachofmodel.

TheflowchartsinFig.10.11showthealgorithmsusedinthethreemodels

tocomputetheX-raytransmissioncurveofthewarmdensealuminum.For

thenon-uniformslabmodelwithSHopacity,asindicatedinFlowchart(a),the

MULTI-fscodewasfirstusedtosimulatethehydrodynamicexpansionofthe

solid-densityaluminum.Thesimulatedspatialdistributionoftheelectrontem-

peratureTe(r,t)andmassdensityρ(r,t)werethenusedasinitialconditionsfor

theFLYCHKtocomputetheionizedchargedistributionateachcoordinater.

Thegeneratedionizedchargedistributiontogetherwiththeelectrontempera-

ture,massdensity,andspatialcoordinates,weresubstitutedintotheSHmodel

tocomputetheopacitiesofthenon-uniformplasmaandthefinaltransmission

coefficients.Flowchart(b)breaksdowntheproceduresfollowedintheuniform

slabmodelwithSHopacity.Justasinthenon-uniformmodel,aMULTI-fs

simulationwascarriedoutfirst.FromtheMULTI-fssimulation,thetotalin-

ternalenergyEinternaloftheplasmasystemwascalculatedbysubtractingthe

kineticenergycontainedinthesystemthatcontributestothehydrodynamic

expansionfromthetotalabsorbedlaserenergy.Assumingthisamountofin-
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Figure10.11: Flowchartsshowingdifferent modelstocomputetheX-ray
transmissioncurveofthewarmdensealuminum.(a)Non-uniformslabmodel
withopacitycalculationfromSHmodel.(b)Uniformslabmodelwithopacity
calculationfromSHmodel.(c)Uniformslabmodelwithopacitycalculation
fromPrismSpect.
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ternalenergyEinternalwascontainedinafictitiousuniformslabwithknown

sizeandmassdensity,onecancalculatetheelectrontemperaturebylooking

upEOStables.Themassdensityoftheuniformslabwasachievedbytaking

theaveragemassdensityρoftheregionspannedbythetwohalfmaximum

ofthepeakdensityweightedbythecell-size. Thesizeofthefictitiousslab

wasassumedequaltotheFWHMrfwhmofthemassdensityprofilefromthe

MULTI-fssimulation.Knowingthethemassdensity ρandthetotalinternal

energyEinternal,theTewasthenfoundbylookinguptheEOStablefromthe

PROPACEOS,whichisavailableinourlaboratory. Giventhelaserintensity

rangeinourexperiments,theMULTI-fssimulationshowthat,withinthetime

periodof1ps,theionsarerelativelycoldandtheircontributiontotheinternal

energyissmall. Therefore,thetotalinternalenergyEinternalobtainedhere

shouldbeconsideredastheelectroninternalenergywhenlookinguptheTe.

Thenextstepistocalculatetheionizedchargedistributionoftheuniformslab

characterizedbythemassdensityρ,plasmatemperatureTeandsizerfwhm.

ThiswasdonebyusingthePrismspectsoftware. Theremainingstepisto

calculatetheopacityandthecorrespondingtransmissioncurvewiththeSH

model.Flowchart(c)showstheuniformslabmodelbutwithopacitiesfrom

PrismSpectsoftware.Theassumeduniformslabisachievedinthesameway

asshowninFlowchart(b).Theopacityandtransmissioncurveinthiscaseare

directlycalculatedfromthePrismSpectcode.

Notethatintheuniformmodel,onlythecentermassoftheexpanded

plasmaistakentocomputetheopacity. Thisessentiallyunderestimatesto

somedegreethefinalX-raytransmissioncoefficientandrequiressomeas-

sessmentonthecontributionfromtheunaccountedmasstothefinalX-ray

transmission.ThiswasdoneandthedetailsaregiveninAppendixC.Theas-

sessmentshowsthattheunaccountedmasswilladdonlyafewpercentonthe

absorptiondipsoftheAl4+andAl5+fortheuniformmodels,indicatingthat

theuniformmodelisareasonableassumptiontosimulatetheX-raytransmis-
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sionintheexpandedplasmawithabsorptiondipsontheorderofafewtensof

percent.

ItisapparentthattheMULTI-fssimulationplaysasignificantroleincom-

putingtheopacityforthethreemethodsdescribedabove.Therefore,itisnec-

essarytohavethesimulationsbenchmarkedwithexperimentalresultsinorder

toexaminethevalidityofmodelsemployedinthesimulations. MULTI-fshas

alreadybeencomparedtofemtosecondinteractionexperimentsinRef.[196].

Wehavealsocarriedoutourownbenchmarkexperiment.Thiswasdonebyan

offlineexperimentinwhichtheself-reflectivityofan130fs,800nmlaserpulse

irradiating50-nm-thickaluminumfoilswithobliqueincidencewasmeasured

asafunctionoflaserintensity.Inaddition,theself-reflectivitymeasurements

takenduringthebetatronionizationexperimentsgiveanotherdatapointto

benchmarktheMULTI-fssimulationforaninteractinglaserpulsewithapulse

durationof30fs.Thedetailofthesetwoself-reflectivitymeasurementsarede-

scribedinAppendixD.Overall,theMULTI-fssimulationsshowareasonable

agreementwiththeself-reflectivitymeasurements,allowingustostudythehy-

drodynamicexpansionofsolid-densityaluminumirradiatedbyultra-shortlaser

pulse.

Fig.10.12andFig.10.13showMULTI-fssimulationresultsofa50nmAlfoil

irradiatedbyap-pol,800nmlaserpulsewithpulseduration(FWHM)of30

fsandpeakintensityof1.3×1015W/cm2.Thelaserintensityusedhereisthe

peakintensityofthepumplaserduringtheBetatronionizationexperiments.

Theangleofincidenceofthelaserpulseis40degrees,thesameasthatinthe

experiments.Inthesimulation,anartificiallayer,30nm,ofaluminumvapor

withρof2×10−3g/cm3wasaddedatthebackofthetargettoobservetherear

expansion.ThetimeevolutionofthetargetcanbefollowedinFig.10.12.(a)and

(b),andFig.10.13(a)and(b)thatdisplaymassdensity,averagechargestate,

electrontemperatureandiontemperature,asfunctionsoftimeandspatial

coordinaterespectively.Thespatiallineoutsofthesevariablesattime=0,250
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Figure10.13: SameasinFig.10.12butforelectrontemperatureTe(r,t),indi-
catedby(a)and(c),andforiontemperatureTi(r,t),indicatedby(b)and(d).
Inthesimulation,anartificiallayerofaluminumvaporwithρof2×10−3g/cm3

wasaddedatthebackofthetargettoobservetherearexpansion,mainlyfor
themassdensity.Thisartificiallayerissodilutesuchthatitdoesnotaffect
themassexpansionfromtherearsidesignificantly.
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fs,500fsand1000fsareshowninFig.10.12(c)and(d),andFig.10.13(c)and

(d)respectively.Heretimezeroisdefinedasthetimewhenpeakofthelaser

arrivesatthetarget.Attimezero,thetargetisstillintact.Asaconsequence,

thelaserenergyisdepositedatsoliddensity. Theabsorbedenergy(∼17%)

residespredominantlyinthethermalenergyofelectrons,whichareheatedup

toalmost250eV.Thekineticenergyatthistimeislessthan1%ofthethermal

energy,whichisnegligibleandexplainstheintactspatialprofileofthetarget.

ThespatialprofileoftheTeextendsoveralargerrangecomparedtothelaser

depositionregionthatpenetratesonlyafewnmintothefrontinterfaceofthe

target. Theinwardheatingindicatesanonlinearheatwavehaspropagated

intothesolid. Ontheotherhand,theionsremaincold,lessthan0.3eV,

duetotheslowelectron-ionequilibrationtime,whichisnormallyinrangeof

10-20psforcoldsolidaluminum[196]. Afterthelaserpulseisturnedoff,

thefrontlayerofthetargetexpandsintothevacuumrapidly,resultinginan

inwardmotionofdeeperlayersthatcompressesthetarget.Thecompression

increaseswiththetimeandafterafewhundredfemtosecondsaweakshock

waveisdevelopedclosetotherearsideofthetarget,asdemonstratedbythe

densitylineoutattimeof500fsinFig.10.12(c). Meanwhile,asthisweakshock

develops,therearendoftargetstartstoexpandduetothethermalheating

bytheheatwavethatarrivedpriortotheshockwave. Thisrearexpansion

createsabackward-propagatingrarefactionwavewhichweakensthefrontof

theforwardpropagatingshockwave. Atthetimeof1ps,theconcurrence

ofbackwardpropagatingrarefactionwaveandtheforwardpropagatingshock

wavecausesadensityspikeinthemiddleofthetargetwhichhasavaluecloseto

theinitialdensityofaluminum.Atthesametime,theflatTeprofileindicates

afairlyuniformheatingacrosstheentiretarget. Theionsatthistimeare

alreadyheatedupwithapeaktemperatureof10eVnearbythemiddleofthe

target,whichisaroundhalfoftheelectrontemperature.Thekineticenergyat

1psincreasesto27%ofthetotalabsorbedlaserenergy(∼35%),ascompared
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to67%forelectroninternalenergyand6%forioninternalenergy.Notethat

therearetemperaturespikesresidingbehindthetarget(r>50nm)forTi

profilesafter250fs.Thereasonsarethattherearexpansionofthetargetafter

250fsdrivesasmallshockwave(toosmalltobeobservableforthey-scale

usedin10.12(c))intothevaporregion.Intheshockfront,theionsareheated

suchthattheyarehotterthanadjacentionsandcouldbeevenhotterthan

theelectronsifsufficientheatingisprovided. However,thesespikesdonot

existinrealitysincethereisnoaluminumvaporafterthetargetinthereal

experiments.

WiththeMULTI-fssimulationresultsasdiscussedabove,whichareachieved

underthepeakintensity(1.3×1015W/cm2)ofthelaseremployedintheex-

periments,onecancomputethetheoreticalX-raytransmissioncurvesforthe

warmdensealuminumusingthethreemethodsasshowninFig.10.11. Note

thatintheaboveMULTI-fssimulation,themeasuredlaserpeakintensityin-

steadoftheaveragelaserintensityovertheprobeareawasused.Aspresented

inAppendixC,thesimulatedintegratedlaserabsorptioncoefficientis35%,

whichcorrespondstoanabsorbedintensityof4.55×1014Wcm−2giventhe

peakintensityusedhere.Thisabsorbedintensityisinlinewiththemeasured

averageabsorbedintensityof4.55×1014Wcm−2intheprobedregionofthe

target(top20%energyrange).

Theresultsofthesethreemethodsforcalculatingtheabsorptionspectra

areshowninFig.10.10. Notethatthelinewidths(FWHM)fortheAl4+and

Al5+dipsinthesimulationweresetconstantlyto2.5eVand3.5eVrespec-

tively,whichrepresentacombinationofthetheoreticalbroadenedlinewidth

andtheinstrumentalresolutionofthespectrometer.Forthe0.5psdatapoint,

asshowninFig.10.10(a),attheAl4+absorptiondipposition(1.49keV),the

non-uniformslabmodelanduniformSHmodelpredictasimilarabsorptionco-

efficient,whichtouchestheupperboundaryofthemeasurementerrorbar.The

uniformslabmodelwithPrismspectopacitygivesaslightlylowerabsorption
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coefficient,whichfallsabovethemeasuredabsorptiondip.AttheAl5+absorp-

tiondipposition(1.50keV),allofthethreemodelsappeartounderestimate

theabsorptioncoefficient.Forthe1psdatapoint,attheAl4+position,the

valuescalculatedfromthethreemodelsareinagoodagreementwiththemea-

suredabsorptioncoefficient,however,attheAl5+position,thesethreemodels

againunderestimatetheabsorptioncoefficient. OverallforAl4+,theabsorp-

tioncoefficientspredictedwiththethreemodelsagreewiththemeasurements

withinoneerrorbaratthetwodelays. However,attheAl5+position,allof

themodelsfailtomatchwiththeexperiment,particularlyat0.5ps,wherethe

discrepancyisontheorderoftwicetheestimatederrorbars.

Thereasonsbehindthesediscrepanciescouldbedueto(a)theelectron

temperaturebeingunderestimatedbythe MULTI-fs,whichcouldbedueto

theelectronheatcapacitythatwasusedinthesimulation.Foragivenelec-

troninternalenergy,higherheatcapacityleadstoalowerelectrontemperature.

(b)theionizationmodelusedinthesimulationunderestimatestheionization

fractionsforAl4+andAl5+.AsindicatedbyFig.10.1,foragivenelectrontem-

perature,differentEOSmodelsandionizationmodelspredictdifferentaverage

ionizationstates.Asmalldifferenceintheaverageionizationstatemaycorre-

spondtoasignificantdifferenceinionabundancethatcanimpacttheX-ray

transmissioncoefficient.(c)theuncertaintiesoftheexperimentallymeasured

absorptionpeaksduetothesmallnumberofphotonscapturedwithinthespec-

tralwindow.TheerrorbarshowninFig.10.1isachievedbytakingtheinverse

squarerootofthetotalnumberofphotonresidingwithinabinwidthofapprox-

imately5eV,closetothefullwidthofthedipsindicatedintheFig.10.1.Thus

effectivelythecomparisonisprimarilycomparingtheareaunderthecurvefor

theexperimentversussimulation.(d)theionizationpotentialdepression(IPD)

effectbeingunderestimatedbythePrismSpectandFLYCHK,whichwereused

tocalculatetheionizationfractionsintheuniformandnon-uniformmodelsre-

spectively.Inarecentexperiment[197]inwhichtheIPDindenseAlplasmas
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wasmeasuredbymeansofK-edgemeasurementsintheLinacCoherentLight

Source(LCLS)facility,itwasfoundthattheMore’smodel(ortheIonSphere

(IS)modelasquotedinRef.[197])andtheStewart-Pyatt(SP)model[198]for

IPDpredictalesseramountofIPDthanthemeasuredonecorrespondingto

differentAlchargestates.Anabinitiocalculationbasedonthedensityfunc-

tionaltheorythataccountsfortheIPDeffect[199]wasfoundtobebetterthan

theISandSPmodelsandshowedexcellentagreementwiththeexperimental

resultsasreportedinRef.[197].InPrismSpectandFLYCHK,theISandSP

modelswereusedtosimulatetheIPDeffectforionsembeddedinaplasma

environmentrespectively. Thefactthatthesetwomodelsunderestimatethe

IPDeffectwillessentiallyleadtoarelativelylowerionizationstateforthe

aluminuminthesimulations,whichmayexplainthelowerfractionsofAl5+

ionscalculatedbyPrismSpectandFLYCHKasemployedintheuniformand

non-uniformmodels.

Itshouldbenotedthattheheaterpulsesinourexperimentsweresubject

topulsestretchingduetothedispersionfromthethreetransmissiveopti-

calelements(2-mm-thickQuartzforthehalfwave-plate,1-mm-thickCaF2

beamsplitterandthe2-mm-thickCaF2lens)thattheheaterpulsespropa-

gatethroughbeforearrivingatthetargets.Thispulsestretchingeffectisnot

includedintheMULTI-fssimulation. Calculationshowsthatthedispersion

fromtheabovethreeopticscausesapproximately3fsofpulsestretchingin

total. AccordingtoMULTI-fssimulations,theabsorbedlaserenergyforthe

stretchedlaserpulseof33fsisalmostidenticaltothatoftheoriginalpulse

widthof30fsgiventhattheinputpulseenergyandotherconditionsarethe

same.Thereforethepulsestretchingeffectinourexperimentsisnotthesource

forthediscrepanciesobservedhere.

Anotherwayoffittingthemeasuredabsorptiondipsisbyusingtheion

fractionasafreeparameterinordertofigureoutthebest-fitionfraction.This

canbedonewiththeSHmodelinwhichtheionfractionsarefreeparameters
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slabmodeandtheionfractionsfromthesimulationbasedonuniformslab

modelareplottedinthesamegraph. Theerrorbarsforthefittingresults

areachievedbyfittingtheupperandlowerboundaryoftheerrorbarsofthe

measuredabsorptiondipsasindicatedinFig.10.10.Again,thelargeerrorbars

withbest-fitratiosareduetothehighnoiselevelinducedbythelackofsignal

photons.ForAl4+ion,at0.5ps,thenon-uniformmodelanduniformmodel

givesimilarionfractionsthatareslightlylowerthanonestandarddeviation

ofthebestfitvalue.At1ps,thesethreeresultsareinagoodagreement.All

thethreeresultsshowthattheionfractiondecreaseswithtime.ForAl5+ion,

largediscrepanciesarefoundbetweenthesimulationresultsandthebest-fit

results,thereasonsofwhichhavebeendiscussedpreviously.

10.5 Conclusion

Insummary,wehavedemonstratedtheresultsofdirectmeasurementsofthe

ionizationstatesofwarmdensealuminumprobedbyfemtosecondBetatronra-

diationgeneratedfromlaserwakefieldacceleratedelectrons.Thewarmdense

aluminumwasformedbya800nm,30fslaserpulsewithenergyof10mJ

interactingwitha50-nmfree-standingaluminumfoil.Theionizationstatesof

thewarmdensealuminumweremeasuredatdelaysof0.5psand1psusing

thetechniqueofK-shellabsorptionspectroscopy.Absorptiondipsinthetrans-

mittedX-rayspectrumcausedbytheAl4+andAl5+ionswereclearlyseen

duringtheexperiments.Tointerprettheionizedchargedistributionsfromthe

measuredK-shellabsorptionlines,1Dhydrodynamicsimulationsassociated

withplasmaspectroscopicmodelingwerecarriedout.The1Dhydrodynamic

simulationswithMULTI-fsindicatethatthetargetissubjecttosomedegree

ofhydrodynamicexpansionatthetimesof0.5psand1ps,necessitatinga

non-uniformmodelfortheanalysis.Threemodelswereimplementedtocon-

ducttheplasmaspectroscopicsimulations,includingnon-uniformslabmodel
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withscreened-hydrogenicopacity,uniformslabmodelwithscreened-hydrogenic

opacityanduniformslabmodelwithopacityfromPrismSpect. Theabsorp-

tioncoefficientspredictedfromthethreemodelsagreereasonablywellwith

themeasuredonesfortheAl4+ionsatthetwodelays,however,conspicuous

discrepancieswerefoundbetweenthesimulationsandtheexperimentsforthe

Al5+ions.Factorsthatcancontributetothishavebeendiscussedandperhaps

therecentre-evaluationoftheIPDmodelsindicatingastrongerdepressionof

theionizationpotentialthanassumedinthepresentanalysiscouldexplaina

largepartofthediscrepancy.AtpresenttheerrorbarsontheAl5+peakmea-

surementarequitelargeandthusfinalconclusionsonthisdiscrepancywould

requireamoreaccuratemeasurementofthisabsorptionpeak. Thiscanbe

improvedinthefuturebyaccumulatingmorephotonsbytakingalargernum-

berofshots.Despitetherebeingsomediscrepanciesbetweenthesimulations

andexperiments,thesuccessfulmeasurementsoftheionizationstatesofthe

warmdensealuminumindicatesthatBetatronradiationfromlaserwakefield

accelerationisapowerfultoolfortimeresolvedabsorptionspectroscopyover

abroadwavelengthrange.
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Chapter11

Resistiveeffectoftarget

materialonhotelectron

transportrelevanttoFast

Ignition

11.1 Introduction

InFastIgnition,energyfromtheshortpulselaserdepositionzoneistransported

byhotelectronstothedensecoreregionwheretheignitionofthefusionreaction

occurs. However,thehotelectronsaresubjecttolargeangulardivergence

whiletravelinginoverdenseplasma[200,201,202],whichposessignificant

designconstraintsonFastIgnition.Toachieveignition,hotelectronsmustbe

abletodepositatleast∼20kJenergywithin∼20psinasmallfuelregion,

calledthehotspot,withadiameterof40µmandarealdensityof∼ 0.6

g/cm2[67]. Theserequirementsconstrainthemaximumdivergenceallowed

withthehotelectronbeamandrestrictthestandoffdistancefromtheelectron

sourcetothefuelregiontotheorderof100µm.Itisapparentthatthe

divergenceofhotelectronspropagatinginoverdenseplasmaplaysasignificant
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roleindeterminingthesuccessoffastignitionapproachandthereforeshould

beminimized.

Cone-guidedfastignition,whereahollowconeisinsertedintothefuelshell

toprovideaclearpassagefortheignitionlaserpulse,hasbeendemonstratedas

aneasierapproachtoimplementforinitialexperimentsthantheoriginalfast

ignitionapproachusinglaserholeboring[203].Insuchcone-in-shelldesign,a

high-Zmaterialsuchasgoldisnormallycoatedattheconetiptoshieldthe

insideoftheconefromX-raysthatwillcreatepreplasmaandtogenerateco-

piouselectrons.However,thehigh-Zmaterialattheconetiphasthepotential

toaffecttheelectrontransportoverthedurationofthelaserpulsethrough

scattering,absorptionorresistivecollimation[204]. Recently,theworkdone

byChawlaetal.[205]demonstratedthatahigh-Ztransportlayerembededin

alow-Zlayeriscapableofcollimatingthehotelectronbeamwithoutimposing

asignificantlossinthecentralforward-goingelectronenergyflux.2Dcolli-

sionalparticle-in-cellsimulationresultsshowedexcellentagreementwiththe

experimentsandindicatedthattheinitiallydivergenthotelectronbeamwas

modifiedbythestrongresistivemagneticfieldformedinthehigh-Ztransport

targets.Theself-generatedresistivemagneticfieldisgivenby:

∂B

∂t
=−∇×E=−(η·∇×JR+(∇η)×JR) (11.1)

whereEistheinhibitionelectricfieldresultingfromthefiniteresistivityof

thebackgroundplasma,givenbyE=η·JR,whereηistheresistivityandJR

isthereturncurrentgeneratedtoneutralizethehotcurrentJ.Themagnetic

fieldgeneratedfromtheresistivitygradient,secondtermontheRHS,pushes

theelectronstowardsthehigherresistivityregion. Thereforebyintroducing

aresistivitygradientintothetarget,onecaninprinciplecollimatethehot

electronswiththehelpoftheenhancedmagneticfieldasdemonstratedin

Ref.[205].
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Herewepresenttheexperimentalresultsofaninvestigationoftheresis-

tiveeffectoftargetmaterialonthehotelectrontransportusingtheTitan2ω

laser.Thisisafollow-upexperimenttotheoneconductedat1ωwavelengthin

Ref.[205]wherethesecond-harmonicoftheTitanlaserpulsewasusedinstead

ofthefundamentalwavetocreatethehotelectronbeam.The2ωlaserpulse

wasusedtominimizethepreplasmaeffectonthelasermatterinteraction.

11.2 ExperimentalSetup

Theexperiments1wereconductedwiththeTitanlaserbeamlineattheJupiter

LaserFacilitythatislocatedattheLawrenceLivermoreNationalLaboratory.

ThesetupisshowninFig.11.1(c).Tominimizetheintrinsicprepulseresulting

fromtheamplificationofspontaneousemission(ASE)occurringinthefront

endofthelasersystem,the1.054µmmainlaserpulsewasfrequencydoubledto

greenlight(527nm)beforebeingsenttothetargetchamber.Thegreenlaser

pulseswithFWHMpulselengthof700fswerefocusedbyaf/3off-axisparabola

insidethevacuumchamberontothetargetfrontsurfacewithanincidentangle

of∼14o. AsintroducedinChapter4,thebestfocusatthetargetplanein

vacuumwasachievedbyoptimizingthealignmentoftheoff-axisparabolaat

thebeginningoftheexperimentsusingmillijoulelaserlightprovidedfromthe

OPCPAmodulelocatedinthelaserfrontend. Withthismethod,thetypical

shapeofthefocalspotinvacuumwasmeasuredtobeanellipse,withFWHM

sizesof3.5µmby8.0µmintheverticalandhorizontaldirections.Basedon

theOPCPAfocalspots,thefocusedpeakintensitieswereestimatedtorange

from3×1019W/cm2to6×1019W/cm2asthelaserenergiesontargetvaried

from30Jto60Jfromshottoshot.Inaddition,anequivalentplanemonitor

(EPM)wassetuptomonitortheshot-to-shotequivalentplanefocalspotat

1TheexperimentsweredoneincollaborationwiththeresearchersfromtheLawrence
LivermoreNationalLaboratory,theUniversityofCaliforniaatSanDiego,theOhioState
University,theImperialCollegeLondonandGeneralAtomics.
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TCCbyusingtheleakagelightthroughthelastturningmirror. TheEPM

focalspotsweremeasuredtobelargerthanthoseachievedfromtheOPCPA

light,inlargepartduetotheextraB-integralofthe2ωlightpassingthrough

thickopticalelementsinthediagnosticbeampathline. AtypicalEPMfocal

spotisshowninChapter4withFWHMof7.7µmby15.3µminverticaland

horizontaldirections.Theimpactofpreplasmaonthehotelectrongeneration

wasalsostudied. Thiswasdonebyinjectingcolinearlyanextralongpulse

withenergyof3mJoverafewnspriortothemainpulse.

Tosimulatethematerialeffectincone-guidedFastIgnition,planarmulti-

layeredtargetswereadoptedinourexperiments. Weusedtwotypesofpla-

narmultilayeredtargets:thefirsttype,asshowninFig.11.1(a),iswitha

thin(10um)goldlayerburiedinanaluminumslab,whileinthesecondtype,

Fig.11.1(b),thesamethicknessgoldlayeriscoatedinfrontofthealuminum

slab.Bothtypesoftargetshavecoppertracerlayers(12µmforburiedZand

25µmforfrontZ)insidethealuminumslabanda1-mmCHplasticblock

atthebackofthetargetfoiltosuppresstheelectronrefluxoffthebackof

target[206],andguaranteehotelectronstraversethecopperlayeronlyonce.

Forcomparison,eachtypeoftargethasareferencetargetinwhichthegold

layerisreplacedbya25µmaluminumlayer.Thethicknessesofthetransport

layers(10µmgoldversus25µmaluminum)werechosentoensuresimilarelec-

tronstoppingpower.IntheburiedZdesign,hotelectronsexperienceresistive

gradientsinoppositedirectionsatthetwosidesofthegoldlayer.Asaresult,

hotelectronswillbepinchedanddivergedbytheinducedmagneticfieldsas

giveninEqn.11.1atthefrontandbackinterfacesofthegoldlayerwiththe

aluminumrespectively. Thecompetitionbetweenthepinchinganddiverging

determinesthefinalresistiveeffectonthedivergenceofthehotelectronbeam.

Ontheotherhand,forthefrontZdesign,thegoldlayernotonlyplaysaroleof

modifyingthedivergenceofhotelectronbeambutalsoactsasthehotelectron

source.
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usedintransformingtherawimages.TheFWHMsizesofthetwospotsare

150±10µmand154±10µmrespectively. Theerrorbarof10µmisfrom

theastigmatism-limitedspatialresolutionofthecrystalimager[208,95].From

thetwosimilarspotsizes,itappearsthatthereisnoobviousevidencethatthe

resistivecollimationfromtheburiedgoldlayerplaysasignificantroleinguiding

thehotelectronbeamunderourexperimentalconditions.Similartrendswere

observedforthesametypeoftargetwithinjectedprepulseandthefront-Z

targetswithandwithoutinjectedprepules,asindicatedinFig.11.3(a).The

spotsizescorrespondingtotheburied-Zandfront-Ztargetsachievedwithand

withoutinjectedprepulseareshowninFig.11.3(a).Eachdatapointrepresents

theaveragesizeoftwoimageswitherrorbarbeingthequadraticcombination

ofthestandarddeviationofthemeasuredsizesandthespatialresolutionof

thecrystalimager.Clearly,thereisnoobviousreductionofthespotsizesdue

totheeithertheresistiveeffectorthepreplasmaeffectforbothburiedand

frontZtargets.Thisisincontrasttotheobserved36%reductioninspotsize

forburiedgoldtargetsobtainedwiththe1ωTitanlaserasdemonstratedin

Ref.[205].2DHybridPICsimulationwasconductedtounderstandthephysics

behindtheunchangeddivergenceobservedinourexperimentsandthedetails

willbegivenlaterinSec.11.4.

Fig.11.3(b)presentsthemeasuredCuKαyieldnormalizedtolaserenergy

andsolidangleforthesametargetsasshownin(a).FortheburiedZtargets,

areductioninKαyieldisobservedfortheburiedAutarget. However,the

differenceoftheKαyieldbetweentheAuandAltargetsiswithintheerror

barofthemeasurementsindependentoftheinjectedprepulse,therefore,further

experimentsarerequiredtoestablishthetruedropinKαyieldwhenthegold

layerisintroduced.InRef.[205],afactoroftwoinKαyieldwasmeasuredfor

theburiedgoldtargets,whichwasclaimedtobeduetotheresistivestoppingof

thehotelectronsbythestrongresistiveEfieldsandB-fieldtrapping.Forthe

frontZtargets,asmallreductionintheKαyieldisobservedfortheAutarget
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(a)$ (b)$

Figure11.2:TypicalCuKαimages(a)and(b)fromZ=AuandZ=Alof
theburied-Ztargetsrespectivelywhenthereisnoinjectedprepulse.Thesetwo
imagesarereconstructedimagesofwhichtheviewingangleisparalleltothe
targetnormal,whichwasdonebytransformingtherawimagesaccordingto
thegeometryofviewingaxisofthecrystalimagerrelativetotargetnormal.
TheaveragedFWHMsizeofspot(a)is150±10µm,ascomparedto154±10
µm
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Figure11.3:(a) MeasuredCuKαspotsizesachievedfromCuKαimager
fortargetsofburiedgold,frontgoldandtheirreferencesunderconditionof
withinjectedprepulse(solidtriangles)andwithoutinjectedprepulse(empty
circles).(b)CorrespondingnormalizedyieldsoftheCuKαXrayfromHOPG
spectrometer.
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butthisiswellwithintheerrorbarsandnostrongconclusioncanbedrawn.

However,whentheprepulseisintroduced,somedegreeofenhancementof

Kαyieldwasobserved,indicatingthehotelectrongenerationismoreefficient

inthepresenceofpreplasma. Recallthatthespotsizesforfront-Ztargets

weremeasuredtobeconsistentindependentofinjectedprepulse. Whatthis

meansisthattheenhancednumberofhotelectronsdoesnotcauseanylarge

modificationtothebeamdivergence.

11.4 SimulationsandDiscussions

Tounderstandtheunderlyingphysicsinthisexperiment,kineticelectrontrans-

portcodesimulationswereperformedwiththecodedevelopedbyJ.J.Honrubia

andhiscolleagues[209].ThesesimulationswereconductedbyJ.J.Honrubia.

Becausethelaserplasmainteractioncannotbedescribedbythishybridcode,

thehotelectrontransportwascalculatedusingaprescribedelectronsource.In

thismultigroupkinetictransportcode,therelativisticelectronbeamistreated

by3Dmultigroup(energyandangle)electrontransportincludingcollisional

energyloss,whilethehigh-densitybackgroundplasmaismodelledbyresis-

tiveMHDequationsincludinghydrodynamicmotiontodescribemagneticfield

suppressionbyplasmareturncurrents[209]. Theinitialenergydistribution

oftheinjectedbeamelectronsisassumedtobeone-dimensionalrelativistic

Maxwellianoftheform dN/dE∼γ γ2−1exp(−E/kTh)withkThof0.5

MeV.ThistemperaturewasestimatedusingtheBeg’sscalinglaw[75]based

ontheIλ2of∼1.5×1019Wcm−2µm2correspondingtoourexperimentalcon-

dition.Thehotelectronbeamwasinjectedataplanethatis1µminsidethe

fronttargetsurface,andhadaGaussianspatialdistributionwithFWHMof

8µm,whichisthegeometricaverageoftheOPCPAandEPMfocalspots.

Thefulldivergenceofthehotelectronbeamconsistsoftwocomponents,the

globalangulardivergenceof30o(HWHM)andthelocalangularspreadof55o
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currentneutralizingplasmabackgroundissubjecttotheresistivefilamentation

instability[212].Becauseofthisinstability,thelocalcurrentneutralizationwas

destroyedandtheinitialcurrentbeamwasforcedtobreakuptomultiplefil-

aments.Similarfilamentedfeaturesareexpectedwiththemagneticfieldsas

theyfollowcloselywiththecurrents. Theseareconfirmedbythenumerous

channelsofmagneticfieldsasobservedinFig.11.4(a)fortheburiedAltarget.

Ontheotherhand,fortheburiedAutarget,themagneticchannelsarewashed

outintheAulayer,indicatingthattheresistivefilamentationinstabilityap-

pearstobesuppressedinaninhomogeneousplasmawheresteepresistivity

differencesarepresentinthepropagationdirectionofthehotelectrons.

AspredictedbyEqn.11.1,magneticfieldscanbegeneratedbytheresistiv-

itygradientseenbythedivergenthotelectronbeam. Thisisclearlyseenin

Fig.11.4(b),inwhichtwooppositemagneticinterfacefieldsareformedalong

thefrontandrearinterfacesofthegoldlayer.Atthefrontinterface,theresis-

tivemagneticfieldreachesashighas250T. Withthismagnitudeofmagnetic

field,theLarmorradius,rL(um) 3(E/keV)/(B/Tesla)for0.5 MeVelec-

tronsisapproximately6µm,whichiscomparabletothicknessofthegold

layer.Assuch,nostrongguidingorcollimationofthehotelectronsfromthe

magneticfieldswillbeexpected,agreeingwiththeobservationofnoevident

magneticfilamentspenetratingintothegoldlayer.InRef.[205],stronghot-

electronguidingwasobservedintheirPICsimulations,inwhichthegenerated

magneticfieldsareontheorderofafewthousandsofTeslafortheburiedgold

target. Therefore,onetendstoconcludethatinordertohaveevidentresis-

tivecollimationofhotelectrons,self-generatedmagneticfieldsontheorderof

1000’sTarerequired,whichhoweverisnotthecaseinourexperimentsdueto

themuchlowercurrentdensity.

Notethatthesimulationsshowthattheresistivemagneticfields(beyond

theinjectionplanethatis1uminsidethetargetfrontsurface)formedin

theburiedAltargetarerelativelyweakerthanthoseintheburiedAutarget,
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whichagreeswithwhatwasobservedinthePICsimulationsconductedin

Ref.[205].Thereasonforthatisgivenasfollows[205]:fortheburiedaluminum

target,theresistivity,scalingasη∝kT
−3/2
e (Spitzerbehavior),islowerinthe

centerregionwheretheplasmatemperatureishigherduetoheatingbythe

highdensitycurrent.Inour2Dcylindricalsimulationgeometry,thedominant

termsfortheazimuthalB-fieldgenerationaregivenby:

∂Bθ/∂t=η(∂Jz/∂r)+(∂η/∂r)Jz (11.2)

whereJzisthezcomponentofthehotelectroncurrent.Becauseoftheopposite

signsofthetransverseresistivitygradientandthetransversecurrentdensity

gradientwiththeAlplasma,thetwocomponentsontherighthandsideof

theaboveequationactagainsteachother,thereforelimitingthefieldgrowth.

Fortheburiedgoldtarget,firstly,thetransverseresistivitygradientinthe

goldlayerisnegligibleduetothemuchhigherheatcapacity[205]. Assuch,

thecontributionfromthesecondtermontherightsideofEqn.11.2isnot

comparabletothatfromthefirstterm,causinglessinhibitiononthegrowth

ofthemagneticfields.Secondly,atthetwointerfacesofthegoldlayer,the

secondterminEqn.11.2,changedto(∂η/∂z)Jr,isdominantincontributing

totheB-fieldgenerationduetothelargeresistivitygradient,resultingina

significantgrowthofB-fieldatthetwointerfaces.

Fig.11.5showsthetime-integratedKαspotsandcorrespondinglineouts

fromthetwoburied-Ztargets.Fromthelineoutplot,itisclearthatthetwo

spotsizeareidentical,indicatingthatthereisnoevidentresistivecollimation

ofthehotelectronsduetothegoldmaterial.Thisisingoodagreementwith

whatwefoundfromanalyzingtheB-fieldsdevelopedintheburiedgoldtarget

andisinagreementwithwhatweobservedduringtheexperiments.Fromthe

twospots,onecantellthattheintensityoftheX-rayfromtheburiedaluminum

targetisrelativelyhigherthanthatofburiedgoldtarget.Analysisshowsthat
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thesimulatedtotalKαyieldfromtheburiedaluminumis1.5timeshigherthat

thatfromtheburiedgoldtarget. Thisdifferenceagreesreasonablywiththe

measureddifferencebetweentheaveragedyieldsofburiedAlandburiedgold

asshowninFig.11.3(b). However,thismeasureddifferencehasafairlylarge

errorbar.

11.5 Conclusion

Inthischapter,wehavepresentedtheresultsofhot-electrontransportinside

solidtargetswithburiedandfronthigh-Zmaterial.Ourexperimentalresults

indicatenoevidentresistivecollimationofthehotelectronsduetothehigh-

Zmaterial,indicatedbytheunchangedsizeofthefluorescentspotsfromthe

coppertracerlayerinsertedinthetargetswithhigh-Zandlow-Zmaterials.

2DPICsimulationresultsareingoodagreementwiththeexperimentsand

showthatthegeneratedB-fieldsinourexperimentsarerelativelyweakdueto

lowcurrentdensityandthereforenotsufficienttoguideorcollimatethehot

electrons.
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Chapter12

ConclusionsandFuture Work

12.1 Conclusions

Inconclusion,wehavestudiedtheelectronaccelerationandBetatronradiation

fromlaserwakefieldaccelerationaswellassuccessfullymeasuredtheionization

statesofwarmdensealuminumwithBetatronradiation.Inaddition,hot

electrontransportinsolidtargetswithahigh-ZmateriallayerrelatedtoFast

Ignitionwasinvestigated.

InpursuitofGeVelectrongenerationfromLWFA,wehaveperformeda

seriesofexperimentsinwhichthe80TWlaserpulsesfromALLSwereemployed

tointeractwithdifferentgas-jettargets. Overall,theexperimentalresults

revealednewregimesofoperationandaresummarizedasfollowed:

1. Wedemonstratedthegenerationofelectronbuncheswithpeakenergies

ashighasGeV,whichareapproximatelydoublethosefromanalytical

laserbubblewakefieldscalinglawsinanexperimentwitha5-mm-long

pureheliumgasjet.Thisenergyenhancementphenomenaisexplained

asalaserwakefieldprocessfollowedbyaplasmawakefieldprocess.The

characteristicsofthistwostageprocessareclearlyidentifiedinthe3D

PICsimulationsunderconditionssimilartothoseoftheexperiment.The

keycomponentsoftheprocessincludethecreationofalargeprimary
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electronchargebunch,apumpdepletionlengthapproximatelyequalto

thedephasinglengthsothattheprimarybunchofelectronscantake

overdrivingtheplasmawakejustasthelaserpulselosesitsdriving

strengthandsufficientremainingplasmalengthfortheplasmawakefield

accelerationtoboostasecondsmallerbunchofelectronsuptoGeV

energies.Theseconditionscanbemetwithinarangeofdensitieswhich

inthecaseofthecurrentexperimentisapproximately8×1018cm−3to

2×1019cm−3.Thepresentresultsindicatethatattainmentofenergies

approximatelydoublethosefromLWFAalonecanbeachievableunder

wellcontrolledconditions.

2. Wedemonstratedthatitispossibletouseapurenitrogengasjet.In

a10mmlonginteractionregion,weshowedthatquasimonoenergetic

electronbeamswithpeakenergies>0.5GeVanddivergenceaslowas2

mradcanbeachievedataplasmadensityof4.3×1018cm−3.Long-tail

featureswereobservedintheelectronbeamsduetocontinuousinjection.

Themeasuredpeakelectronenergydecreasedwiththeincreasingplasma

density,whichagreeswiththepredictedmaximumenergygainscaling

forelectrons.Experimentsalsoshowathresholddensityof3×1018cm−3

forself-trapping. Ourexperimentssuggestthatbyusinghigherlaser

powerandlowerdensities,pureNitrogenisapotentialcandidategas

toachieveGeVlevelmonoenergeticelectronsintheionizationinduced

trappingschemeforlaserwakefieldacceleration.

3. WeinvestigatedionizationinjectionseedingoftheLWFAprocessusing

CO2astheelectronseedsourceinHegas.Intheexperimentwith5-mm-

longgasjetofheliumseededwithCO2,electronbuncheswithaverage

energiesoftheorderof500 MeVhavebeenproducedwithionization

inducedinjectionundertheself-guidingconditionoflaserwakefieldac-

celeration.Theseresultsareinapproximateagreementwiththebubble
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wakefieldscalinglaws,particularlyatdensitiesabove6×1018cm−3.The

useofionizationinjectionleadstoimprovedperformanceinregardsto

increasedelectroncharge,byafactoroftwo,lowerinjectionthreshold

electrondensitiesof4×1018cm−3ascomparedto7×1018cm−3forpure

heliumaloneunderthesameconditionsandmuchhigherprobabilityof

producingelectronsabove500MeVascomparedtoselfinjectioninHe

gasaloneunderthesameconditions.Theseresultswereobtainedwith

shorteraccelerationlengthsandhigherdensitiesthantypicallyreported

previously.Inafewshots,energiesofapproximatelydoubletheaverage

values,uptotheGeVenergyrange,wereobtainedindicativeofanad-

ditionalaccelerationmechanism,whichwasidentifiedasatransitionto

PWFAafterthelaserpulsedepletionasinthecaseofpureheliumas

discussedabove.

WethencharacterizedtheBetatronradiation,wherewehavedevelopeda

newapproachtomeasuretheaveragecriticalenergyEc,animportantparame-

terindeterminingthespectrumofBetatronradiation,basedonthetechnique

ofReflectionoffaGrazingIncidence Mirror.Inthisapproachagrazingin-

cidencemirrorwithhigh-ZcoatingreflectstheBetatronX-rayradiationat

differentgrazingangles. Assumingasynchrotron-likespectrumoftheBeta-

tronradiation,onecandeterminethevalueofEcfortheBetatronradiation

fromeverysingleshot.Thismeasurementwascarriedoutwithseveralgrazing

anglesintherangeof0.3oto0.7oforaPtmirrorandanaveragevalueofEc

of7.5±1.3keVwasdetermined.ThisEcisinreasonableagreementwiththe

valuemeasuredwithaphoton-countingX-rayCCDunderthesameexperi-

mentalconditions,indicatingauniformsynchrotron-likespectrumoveralarge

photonenergyrangeofafewkeVto25keV.Suchagrazingincidencemir-

rormeasurementcanbeusedasanonlineEcmonitorinBetatronapplication

experimentsbysamplingasmallpartofthebeamwhereasimplefluorescent

screentogetherwithCCDcamerareadoutcanbeused.Specifically,forKB
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microscopeapplicationsthestraightthroughradiationandsinglemirrorreflec-

tionradiationcouldbeusedforthismeasurementwithoutinterferingwiththe

mainimagespotoftheKBmicroscope.

WedevelopedaBetatronX-rayprobebeamlinebasedonthetechnique

ofK-shellabsorptionspectroscopytodirectlymeasurethetemporalevolution

oftheionizationstatesofwarmdensealuminum. TheX-rayprobesystem

consistsofanadjustableKirkpatrick-Baez(KB)microscopeforfocusingthe

Betatronemissiontoasmallprobespotonthesamplebeingmeasured,anda

flatPotassiumAcidPhthalate(KAP)Braggcrystalspectrometertomeasure

thetransmittedX-rayspectrumintheregionofthealuminumK-edgeabsorp-

tionlines. AsystematiccharacterizationoftheX-rayprobesetuphasbeen

carriedoutboththeoreticallyandexperimentally,indicatingthatthesourceis

suitableforcarryingouthighspectralresolutiontimeresolvedX-rayprobing

inthe1.5keVX-rayrange.AnoverallX-rayefficiencyof2.6×10−5isachieved

leadingtothedetectionof∼10X-rayphotonsinthe24eVmeasurementwin-

dowpershot.Thus,highsensitivityX-raymeasurementwillrequirehundreds

ofshotspermeasuredspectrawhichinprincipleisachievablegiventhe10Hz

repetitionrateoftheactualsourcelaser.

WiththewellcharacterizedBetatronX-rayprobe,wedemonstratedthe

resultsoffirst-timedirectmeasurementsoftheionizationstatesofwarmdense

aluminum. Thewarmdensealuminumwasformedbya800nm,30fslaser

pulsewithenergyof10mJinteractingwitha50-nmfree-standingaluminum

foil.Theionizationstatesofthewarmdensealuminumweremeasuredatde-

laysof0.5psand1psusingthetechniqueofK-shellabsorptionspectroscopy.

AbsorptiondipsinthetransmittedX-rayspectrumcausedbytheAl4+and

Al5+ionswereclearlyseenduringtheexperiments. Tointerprettheionized

chargedistributionsfromthemeasuredK-shellabsorptionlines,aplasmaspec-

troscopicabsorptionmodelwasdevelopedand1Dhydrodynamicsimulations

werecarriedout.The1DhydrodynamicsimulationswithMULTI-fsindicated
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thatthetargetissubjecttoamodestdegreeofhydrodynamicexpansionatthe

timeof0.5psand1ps,necessitatinganon-uniformmodelfordetailedanalysis.

Threemodelswereimplementedtoconducttheplasmaspectroscopicsimula-

tions,includinganon-uniformslabmodelwithscreened-hydrogenicopacity,

auniformslabmodelwithscreened-hydrogenicopacityandauniformslab

modelwithopacityfromPrismSpect.Comparisonwiththeexperimentsindi-

catesthatthesimulationbasedonthenon-uniformmodelagreesbetterwith

themeasurements.Theabsorptioncoefficientspredictedfromthenon-uniform

simulationsagreereasonablywellwiththemeasuredonesfortheAl4+ions

atthetwodelays,however,conspicuousdiscrepancieswerefoundbetweenthe

simulationsandtheexperimentsfortheAl5+ions.Thelimitednumberofpho-

tonsthatwerecapturedduringtheexperimentleadstolargeerrorbarsonthe

Al5+measurementandthusimprovedmeasurementswouldberequiredbefore

drawinganystrongconclusions. Howeverthiscanbeimprovedinthefuture

byaccumulatingmorephotonsbytakingalargernumberofshots. Despite

therebeingsomediscrepanciesbetweenthesimulationsandexperiments,the

successfulmeasurementsoftheionizationstatesofthewarmdensealuminum

indicatesthatBetatronradiationfromlaserwakefieldaccelerationisapowerful

toolfortimeresolvedabsorptionspectroscopyoverabroadwavelengthrange.

ApartfromtheaboveLWFAandBetatronstudies,wehaveconductedan

experimentalstudytounderstandtheresistiveeffectfromtargetmaterialson

electrontransportrelevanttoFastIgnition. Theexperimentwasconducted

usingthesecondharmonicpulsefromtheTitanlaserattheJupiterLaser

FacilitylocatedattheLawrenceLivermoreNationalLaboratory.Tostudythis

effect,theultra-shorthighintensitylaserpulses(700fs,∼5×1019W/cm2,527

nm)wereusedtoirradiatemulti-layersolidaluminumtargetswithaburiedor

frontAulayerandaburiedcoppertracerlayer,backedwithaplasticget-lost

layertominimizetheelectronrefluxing.Ourexperimentalresultsindicateno

evidentresistivecollimationofthehotelectronsduetothehigh-ZAulayer,
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asindicatedbytheunchangedsizeofthefluorescentspotsfromthecopper

tracerlayerswhencomparingwiththereferencetargetwherethegoldlayeris

replacedbyAl.2Delectronkinetictransportsimulationresultsareingood

agreementwiththeexperimentsandshowthattheB-fieldsgeneratedatthe

layerinterfacesinourexperimentswererelativelyweakduetothelowcurrent

densityandthereforenotsufficienttoguideorcollimatethehotelectrons.An

increaseintheabsorptionofelectronenergywasobservedinthecaseofthe

Aulayersinthetarget.

12.2 Futurework

Asthemajorpartofthisthesisstudy,wehaveattemptedtoproducehigh-

qualityGeVelectronsthroughLWFAandtoemploytheBetatronradiationto

studythewarmdensematter.

Intheexperimentwithpurehelium,wehavefoundatransitionmechanism

fromLWFAtoPWFAthatexplainstheobservedelectronenergyenhancement

inrelativelyhighplasmadensity.Thistransitionmechanism,oftenneglected

byLWFAcommunity,offersapossibilitytoachievehigherenergyelectrons

withthelaserdrivenwakefieldaccelerator. Simulationresultsshowagood

agreementwiththeexperimentalresults. However,tofullyunderstandthe

detailedcharacteristicsofthistwo-stageprocess,furthertheoreticalandexper-

imentalworkisrequired.Forinstance,ourcurrentsimulationshowsthatthe

tailofthelaserE-fieldistrappedinsidethebubbleatthesecondstagewhen

theprimaryelectronbunchdrivesthewakefield.Thistrappedradiationissub-

jecttoapulsestretchingeffectsuchthatitsoscillationfrequencyisdecreased.

Thistrappedradiationcouldbeplayingaroletogetherwiththeprimaryelec-

tronbunchinmodifyingthesecondaryaccelerationprocess. Moretheoretical

analysisshouldbeconductedtounderstandthisresidualE-fieldtrappedinside

thebubble,andexperimentalmeasurementsshouldbemadeofthesestrongly
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shiftedfieldcomponents.Furthermore,foranypracticalapplicationswiththe

energeticelectronbeam,asufficientchargeisnecessary.However,thecharge

oftheGeVbunchobtainedfromthistransitionmechanismisontheorderof

afewpC,whichmaynotbeenoughforsomeapplications.Therefore,increas-

ingthebeamloadingefficiencyofthesecondarybunchisnecessaryandagain

wouldrequiremoretheoreticalandexperimentalstudies.

IntheexperimentswithpurenitrogenandpureheliummixedwithCO2,we

onlyreportedexperimentalstudiesinachieving500MevtoGeVelectronsand

identifiedsomeadvantagesofusingthesetwotypesofgastargets.However,to

fullyunderstandtheunderlyingphysicsandtocontrolthegenerationofener-

geticelectrons,theoreticalmodelingincludingionizationdynamicsisrequired.

InalltheLWFAexperiments,itiscriticaltohaveveryreproduciblelaserpulse

conditions(wave-frontandpulseshape)inordertostabilizethehighenergy

electrongeneration.Furtherworkinimprovingthequalityofthelaserpules

isrequiredinthefuture.

Regardingtheexperimentofprobingtheionizationstatesofwarmdense

aluminumwithBetatronradiation,wehavesuccessfullymeasuredtheioniza-

tionstatesofwarmdensealuminumviathetechniqueofK-shellabsorption

spectroscopy.However,theerrorbarofthemeasurementissignificantdueto

thelimitednumberofX-rayphotonsacquiredduringtheexperiments. This

shouldbeimprovedinthefuturebytakingalargernumberofshots.Thelaser

alreadyoperatesat10Hzandthusahighershotratecouldbeobtainedby

installingadifferentialvacuumpumpingsystemforthepulsegasjetandahigh

speedthinfilmtargetalignmentsystem. Withimprovedaccuracyofthemea-

surements,thequantitativeinformationoftheionizedchargedistributionfor

thewarmdensealuminumundernon-equilibriumconditionwillbecomemore

accurate.Theotherissuewiththisexperimentsisthenon-uniformheatingof

thetargetfromthe30-fslaserpulsewiththepeakintensityofinterest.This

non-uniformityofthetargetconditionsmadethedataanalysisandinterpre-
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tationmoredifficultandlessaccurate. Onewaytoimprovethisistousea

short-pulseprotonbeamtoproducethewarmdensematter,whichhasalready

beenproventobeagoodwaytouniformlyandisochoricallyheatultra-thin

targets[148].However,moreworkhastobedonetogeneratetheprotonsource

withdesiredenergiesandtointegratethatsourcewiththeBetatronX-ray

probe.

Thesecondarypartofthisthesiswastostudytheelectrontransportrele-

vanttoFastIgnition.Asindicatedbyourexperimentsandthesimulations,the

resistivelayerdidnotcollimatethehotelectronsatourcurrentdensities.Fur-

therstudiesshouldextendtheseinvestigationtohighercurrentdensityusing

secondharmonicpulses.However,theproblemstudiedhereisjustasmallpart

oftheFIprocess.Therelativisticlaserabsorptionandfastelectrontransport

inafull-scaleintegratedFIexperimentismorecomplex.Thereforeagooddeal

ofeffortisstillneededinordertobetterunderstandthehotelectrongeneration

andtransportprocess.
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AppendixA

Frinedit-A matlabGUIAPP

forprocessingoptical

interferogramsfortheLWFA

experiments

InLWFAexperiments,theplasmadensityisnormallymeasuredbyinterfer-

ometrysuchasMach-ZehnderinterferometryorNomarskiinterferometry.To

derivetheplasmadensityfromthemeasuredinterferogram,theAbelinversion

algorithmisnormallyemployedanditsdetailshavebeengiveninChapter4.

Frineditisasoftwarepackagedevelopedforcalculatingtheplasmadensityfrom

aninterferogrambasedontheAbelinversionalgorithm.TheFrineditprogram

usesthematlabgraphicaluserinterface(GUI)platformanditsuserinterface

isshowninFig.A.1.

FlowchartA.2showstheprocessesofanalyzingthefringeimagebythe

Frineditsoftware. Theloadedimageisfirstconvertedtothecorrectspatial

scale,normallyfrompixelnumbertoµm. Afterthat,anedgefunctionis

employedtotracethefringesanddisplaythetracedfringesontopoftheimage.

Thetracedfringesaredisplayedasanumberoflinesegmentsconnectedby
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Load,&save&image&and&
export&data&of&interest.

Scale&the&image&in&
um,&rotate&or&crop&
the&image&if&needed.

Move&edges&horizontally&or&
ver<cally&if&necessary;&Calculate&
the&fringe&shi?&a?er&the&edge&
detec<on&and&edi<ng&is&done.

Enter&the&number&of&the&
Abel&inversion&points&
and&define&the&number&
of&slices&of&the&plasma&
to&implement&the&Abel&

Inversion.&

Calculate&the&plasma&
density.

Edge&detec<ng&panel;&Four&
parameters&as&shown&on&the&
panel&are&op<onal&for&user&to&
find&the&sa<sfied&edges&of&the&
fringes.&&

&Edge&edi<ng&panel;&Here&user&can&
move,&add&points&of&fringe&line&or&
delete&the&bad&lines&en<rely.&

Refrac<ve&index&panel;&&
Compute&the&index&in&
symmetric&or&asymmetric&
method;&2D&smoothing&is&&
op<onal&for&user&to&

smooth&the&2D&index.

Slider&to&adjust&the&
image&brightness

Load%Image

Spa,al%scale%conversion

Fringe%detec,on%of%the%
interferogram%using%an%edge%

func,on%in%matlab

Clean%the%bad%fringe%lines;%
delete%or%add%fringe%lines.%
Store%the%coordinates%of%each%

fringe%line.

Define%the%reference%fringe%
lines;%%Calculate%the%fringe%
shi?s%%base%on%the%reference%
lines%and%distorted%fringe%lines.

Compute%the%refrac,ve%index%
using%the%Abel%Inversion%at%ROI%
designated%by%user.%%Both%
Symmetric%and%Asymmetric%
inversions%are%available.

Compute%the%2D%plasma%
density.%Output%the%data%in%csv%

format%if%needed.%

FigureA.1: TheuserinterfaceoftheFrineditsoftware.

FigureA.2: Flowchartillustratingtheworkflowforanalyzingtheoptical
fringesbyFrinedit.Inthisflowchart,onlythemajorstepsarelisted.
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FigureA.3: (a)AninterferogramtakeninoneoftheALLSexperimental
campaignsshowingtheleadingfrontofthelaserpulsepropagatingintheun-
derdenseplasma.Thelaserpropagatedfromrighttoleft.Thegastargetfor
thisdatashotwaspureheliumobtainedwiththebackingpressureof700psi.
(b)Thecorresponding2DplasmadensityprofileachievedwiththeFrinedit
programusingtheasymmetricinversiontechnique.

draggablevertices.Dependingontheclarityoftheoriginalfringes,sometimes

therearesomebadtracedfringesthatmaynotfollowexactlytheoriginal

fringes.Inthesecases,somecorrectionofthecoordinatesoftheincorrectly

tracedfringelinescanbecarriedoutbymanuallydraggingtheoff-trackvertices

backtotheoriginalfringes.Inthisstep,theusercandeleteundesiredfringesor

addnewfringelinesifnecessary.Thefinalcoordinatesofthefringesarethen

storedbeforeproceedingtothenextstepinwhichthereferencefringelines

aredefinedandthefringeshiftsarecalculatedaccordingly. Afterobtaining

thefringeshiftfromtheinterferogram,thespatialdistributionoftherefractive

indexwithintheregionofinterest(ROI)iscalculatedusingthesymmetricor

asymmetricAbelinversionalgorithmasdescribedinChapter4.Thefinalstep

isconvertingtherefractiveindextoplasmadensityusingEquations4.8-4.10

asshowninChapter4.

Fig.A.3showsanexampleofa2Dplasmadensityprofilecalculatedwith

theFrineditsoftwareanditsoriginalinterferogram.
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AppendixB

MULTI-fssimulationcode

ThecodeMULTI-fsisanumericaltoolforstudyingtheinteractionofultra-

short(fs-pstimescale)laserpulseswithmatterintheintensityrangeof1011

to1017W/cm2. Thehydrodynamicmotiontogetherwithlaserenergydepo-

sition,thermalconductionandradiationemissionandtransportissolvedin

one-dimensionalgeometryusingafractionalstepscheme. Fluidmotionand

heatdiffusionaresolvedbyusinganimplicitLangrangianmethod.Thermal

conductionandradiationaswellaselectron-ionenergycouplingaretreated

inatwo-temperaturemodel(TTM)coveringthewiderangefromsolidstate

tohightemperatureplasma. Laserenergydepositioniscalculatedbyone-

dimensional Maxwellequations. Theelectron-ioncollisionfrequency,which

determinesthelaserabsorption,istreatedwithtwodifferentplasmamodels

thatcancovertheregimeofwarmdensematter(WDM)betweenthesolid

stateandplasmaregimes.Theequation-of-stateofthemattertobestudiedis

interpolatedfromtablesgeneratedfromtheMPQeoscode[213],whereasthe

opacitiesandionizationareinterpolatedfromtablesgeneratedfromtheSNOP

code[214].

AdetaileddescriptionoftheMULTI-fscodecanbefoundinRef.[195].Here

onlythetwoplasmamodelsforcalculatingtheelectronioncollisionfrequency

thatcancoverthewarmdensematterregimearedescribed.Thefollowingtwo
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sectionsarebasedonthedescriptionsgiveninRef.[195].

B.1 TheElectron-Phonon model

Inanidealplasma,theelectron-ioncollisionfrequencycanbecalculatedusing

Spitzer’sformulaandisgivenby:

νSpitzer=
4
√
2π

3

ln(Λ)e4Zne

m
1/2
e (kTe)3/2

(B.1)

whereeistheelectroncharge,Zistheionizationstate,Teistheelectrontem-

perature,neistheplasmadensity,meistheelectronmass,kBistheBoltzmann

constant,andln(Λ)istheCoulomblogarithm,whereΛ=12πneλ
3
D [33]with

λD theDebyelengthgivenbyλD=(0kBTe/nee
2)1/2.

InthelimitofcoldsolidwithtemperaturebelowtheFermitemperature,the

plasmaapproachesmetal-likestates,inwhichtheionsaredistributedinlattice-

likeorderandareembeddedinaseaofdegenerateelectrons.Theelectronsthat

areresponsiblefortheelectricandthermaltransportaremovingwithvelocities

ontheorderoftheFermivelocityofυF=(3π
2ne)

1/3/me,andaresubjectto

scatteringfromthethermalionfluctuationsorphonons.IntheMULTI-fscode,

theelectron-ioncollisionfrequencyνepduetotheelectron-phononinteraction

isobtainedas:

νep=Kwdm
e2

υF

kBTi
(B.2)

where isthereducedPlanckconstant,TiistheiontemperatureandKwdmis

anempiricalparametertobeadjustedtofitexperimentallyobserveddata.In

MULTI-fscode,thevalueofKwdmissettobeequalto18.8foraluminumby

comparingtotheexperimentalreflectivityof400nmlight[195].

AsindicatedbyEqn.B.2,thecollisionfrequencybasedonelectron-phonon

modelincreaseslinearlywithiontemperature,whichisincontrasttothehigh

temperatureplasmaregime,inwhichthecollisionfrequencyfollowstheSpitzer
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behaviorandscaleslikeνSpitzer∝T
−3/2
e asshowninEqn.B.1.Intheelectron-

phononmodelasemployedinMULTI-fs,thegapbetweenmetalandplasma

regimesisbridgedbyadhocinterpolationasgivenby:

νwdm=
1

1/νep+1/νSpitzer
. (B.3)

Theelectron-ioncollisionfrequencyasafunctionoftheplasmatemperature

forsolidAlachievedwiththeaboveinterpolationisgiveninFig.B.1,asindi-

catedbythemagentadashedline.Asshown,thecollisionfrequencyincreases

linearlyatlowtemperature,reachesamaximumatatemperature(∼3eV)be-

lowtheFermitemperature(11.7eVforAl),andthenmergesintoplasmabehav-

ior∝T
−3/2
e .Examiningtheelectronmeanfreepathλe= υ2th+υ

2
F/νe,where

υth=(kTe/me)
1/2isthethermalvelocity,itisfoundthataroundthemaximum

ofνe,λeisconsiderablybelowtheinteratomicdistancer0=(4πne/3Z)
−1/3.

Toavoidthisnon-physicalbehavior,in MULTI-fscode,theactualcollision

frequencyistakenas:

νe=min(νwdm, υ2th+υ
2
F/r0). (B.4)

TheresultsofthecollisionfrequencybasedontheaboveequationforsolidAl

isindicatedbythesolidblacklineinFig.B.1.Asindicated,inthetemperature

rangeof(1-100)eV,thecollisionfrequencyshowsaweakdependencyonthe

plasmatemperatureandhasamaximumnearbytheFermitemperature.

Theelectron-phononmodelhasbeencomparedwiththeexperimentalre-

sultsof150fslaserpulsesirradiatingaluminumfoilsoverawiderangeofin-

tensitiesfrom1012to1017W/cm2[196].Althoughitwasfoundtobeusefulin

modelingthefemtosecondexperiments,theelectron-phononmodelappearsto

underestimatesignificantlythecollisionalityofmetalsandwarmdensematter

[195].AdifferentandmorephysicalapproachbasedontheDrude-Sommerfeld

(DS)modelwasthereforedevelopedtocircumventthisproblemandisavailable
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intheMULTI-fscode.

B.2 TheDrude-Sommerfeld model

InthedescriptionoftheelectronioncollisionbasedontheDrude-Sommerfeld

model[215],thedominantpartofthecollisionfrequencyisduetotheelectron-

ioncollisions,asinthecaseofaclassicalplasma,butnowittakesintoaccount

theelectrondegeneracyinWDMregimeandthemodificationstotheCoulomb

scattering[216]forslowelectronsdefinedbyZe2/υ 1,wheretheυis

thevelocityoftheelectrons.Inthisway,thedynamicalcollisionfrequency

νe(Te,ω)requiredforlasercollisionalabsorption,whereωisthelightfrequency,

isdescribedreasonablywellincomparisonwiththeexperimentaldata[215].

Twoimportantfeaturesofthisnewapproachshouldbenoted. Thefirst

featureisthatthecollisionfrequencyforslowelectronsscaleswithelectron

velocity∝1/υ,whichallowsafinitevalueofcollisionfrequencywhenaveraging

overtheelectrondistribution[216].Thisisincontrasttothefast-electronhigh-

temperatureregimeinwhichthecollisionfrequencyscales∝1/υ3.Thesecond

featureisthat,νe(Te,ω)decreaseswithboththeTeandωfortemperatures

belowtheFermitemperatureduetotheeffectoftheelectrondegeneracy.This

secondfeaturewasfoundtobeinagoodagreementwithexperimentaldata

[215].

Inthe WDMregimemυ3th/(Ze
2ω)<1,thecollisionfrequencyisgivenby:

νwdm=
4π222/3Γ(1/3)

1535/6Γ(2/3)

Ze4ne
m2eυ

3
th

(
meυ

3
th

Ze2̃ω
)2/3
υth
υ
, (B.5)

whereΓ(x)isthegammafunctionevaluatedatx,ω̃= max(ω,ωp). The

bracketsdenotetheaveragingovertheFermidistributionfunctionf()=(1+
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exp[(−µ)/kTe]),whereµisthechemicalpotential,includingPauliblocking:

υth
υ
=
3νth
mν3F

∞

0

f()(1−f(+ ω))d=3(
νth
νF
)3ln(

1+ey

1+ey−z
)
1

1−e−z
,(B.6)

withy=µ/kTeandz= ω/kTe.Thechemicalpotentialµisdefinedimplicitly

bytheelectrondensityneandcanbeobtainedingoodapproximationby:

y=−
3

2
ln
Te
TF
+ln

4

3
√
π
+
A(Te
TF
)−(b+1)+B(Te

TF
)−(b+1)/2

1+A(Te
TF
)−b

, (B.7)

wheretheconstantsareA=0.25054,B=0.072andb=0.858.

ThegapbetweentheWDMregimeandtheSpitzerregimemυ3th/(Ze
2ω)>1

isconnectedbyasmoothinterpolation,whichtakestheformof:

νe(Te,ω) 2
√
2π

Ze4ne

m
1/2
e (kTe)3/2

ln[1+Kds
1.32
√
2π

kTe

(m
1/2
e Ze2̃ω)2/3

]F(Te,ω).(B.8)

Intheaboveequation,Kdsisafreeparameterandisdefaultedtobeunityinthe

MULTI-fscode. F(Te,ω)= π/2υth
υ
istheFermifactorandasymptotically

takestheforms:

F(Te,ω)→






3
4
π/2υth

υF
min( ω/kTF,1)forTe→0,

1 forTe→∞.

(B.9)

Theeffectivecollisionfrequencyνe(Te,ω)asafunctionofelectrontemper-

atureTeandphotonenergy ωisshowninFig.B.2forthecaseofaluminumat

soliddensity.Asindicated,νereachesmaximumvaluesofapproximately10
16

s−1attemperaturesintheregionof10-100eVandalsoatphotonenergiesof

∼50eV.BelowthesevaluesofTeand ω,thecollisionfrequencydecreases

almostlinearly,whichisduetotheFermifactorF(Te,ω)thatreducesthe

numberofelectronsavailableforscatteringinadegenerateplasma.
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FigureB.2: Effectivecollisionfrequencyνe(Te,ω)givenbyEqn.B.8asafunc-
tionofelectrontemperatureTeandphotonenergy ωforaluminumatsolid
densityρ=2.7g/cm3andKds=1.FiguretakenfromRef.[195].
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AppendixC

Plasmaspectroscopic modelsfor

computingtheX-ray

transmissionofwarmdense

aluminum

InChapter10,threeplasmaspectroscopicmodelswereusedtocalculatethe

X-raytransmissionofwarmdensealuminumandanoverviewofthesethree

plasmamodelshasbeengiveninthatchapter. Here,moredetailsonthese

threemodelswillbegiven.

C.1 Non-uniform model

Inthenon-uniform model,thespatialdistributionofelectrontemperature

Te(r,t)andmassdensityρ(r,t)atgiventimetobtainedfromthe MULTI-

fssimulationwerepluggedintotheFLYCHKcodetocomputetheionized

chargedistributionateachspatialcoordinater.Thegeneratedionizedcharge

distributiontogetherwiththeelectrontemperature,massdensity,andspa-

tialcoordinates,werethensubstitutedintothescreenedhydrogenicmodelto
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FigureC.1: (a) MULTI-fssimulatedspatialdependenceofmassdensityρ
(blueline),electrontemperatureTe(cyanline),averageionizationstateZ
(magentaline)atthetimeof0.5psafterthelaserpeakarrivesatthetarget
forthecaseinwhicha800nm,30fs,laserpulsewithpeakintensityof1.3×
1015W/cm2irradiating50nmaluminumfoilat40degreesangleofincidence.
Notethatinthesimulationthelaserpulsecomesfromtheleft.Theaverage
ionizationstateZ calculatedfromFLYCHK(orangeline)withtheinput
parameters(ρ,Te)asplottedhere.(b)Thesameas(a)butforsimulationtime
of1psafterthelaserpeakarrivesatthetarget.

computetheopacitiesofthenon-uniformplasmaandthefinaltransmission

coefficients.

Fig.C.1showsthespatialdistributionofTe(r,t)andρ(r,t)atthetimeof0.5

ps(a)and1ps(b)afterthepeakofthelaserpulsearrivesatthetargetforthe

simulationcaseasdiscussedinChapter10.Basedonthesephysicalquantities,

theionizationstatedistributionateachrwascalculatedfromtheFLYCHK.

Forcomparison,theaverageionizationstate Z asafunctionofrobtained

fromtheFLYCHKandtheMULTI-fssimulationareplottedinFig.C.1forthe

twosimulationtimes. Asindicated,withinthebulkofthetargetinwhich

themajormassiscontained,e.g.0<r<50nmin(a),theresultsfrom

theFLYCHKagreereasonablywellwiththosegeneratedfromtheMULTI-fs

simulation.However,inthecoronaplasmaregionr<0,theFLYCHKappears

topredictarelativelyhigherionizationstatethantheMULTI-fssimulation.
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asshowninFig.C.1(a).Basedontheseresults,onecanobtaintheEinternal

of∼8.8J/cm2bysubtractingthethekineticenergyfromtheabsorbedlaser

energyatthetimeof0.5ps.FromthemassdensityprofileasshowninFig.C.1

(a),rfwhmalongwithρandthetotalarealdensitywithinFWHMregionare

obtainedas45nm,2.5g/cm3and1.1×10−5g/cm2respectively.Dividingthe

Einternalbythetotalarealdensitygivesanenergydensityof7.8×10
5J/g.

Knowingthetheenergydensityandthemassdensity,anelectrontemperature

of24eVwasobtainedbylookinguptheelectroninternalenergyversuselectron

temperaturefromthePROPACEOS,asshowninFig.C.2(b).Here,Einternalis

assumedtobeequaltotheelectroninternalenergywhenfindingtheelectron

temperaturesincetheionsatthistimescalearerelativelycold.

Thesameprocedureswereappliedtoachieveauniformplasmaslabfor

theexpandedtargetatthetimeof1ps.ThefinalTe,ρ,Einternalandrwere

calculatedtobe22.5eV,2.0g/cm3,7.3×105J/gand52nmrespectively.

Notethatintheuniformmodel,onlythemasswithintheFWHMofthe

expandedplasmaistakentocomputetheopacity.Thisessentiallyunderesti-

matestosomedegreetheX-rayabsorptioncoefficientattheAl4+andAl+5

positions.Therefore,assessmentisrequiredtoestimatethecontributionfrom

theunaccountedmass,mainlyinthefrontofthetarget,tothefinalX-ray

absorption.

Hereweshowtwowaystoassesstheeffectfromtheunaccountedmassin

thefrontofthetarget.Asanexample,weconsidertheexpandedtargetatthe

timeof0.5ps.

Thefirstwayisbyassumingtheionizationstateas5+fortheunaccounted

high-temperaturecoronaplasmainthefrontofthetarget. Thissetsupan

upperlimitfortheunaccountedX-rayabsorption. Fromthemassdensity

lineoutatthetimeof0.5psasshowninFig.C.1(a),thetotalarealdensityρr

beforethehalfdensitypeakisfoundtobe1.5×10−6g/cm2.Fortheopacity,

tofirstorder,thepeakopacityκof7×104cm2/gcorrespondingtotheAl5+
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absorptionlinewithlinewidthof3.5eVcalculatedfromtheSHmodelwas

used. Takingintoaccounttheincidentangleθof40degreesfortheheater

laser,thefinaltransmissioncoefficientT=exp(−κρr/cos(θ))iscalculatedto

be∼0.87.

ThesecondwayisbyusingtheionfractionnumbersachievedfromFLY-

CHKinthenon-uniformmodeltocalculatetheopacitywiththeSHmodel.

ThiswascarriedoutandtheX-raytransmissionattheAl4+andAl5+posi-

tionsarecalculatedtobe0.96and0.97respectively.Theestimatedoneinthis

waydoesnottakeintoaccountthefactthattheionizationstatescalculatedin

theexpandingplasmaarenotaccuratesincetheywilltypicallyfreezeoutat

higherionizationstates.However,thefinaleffectonthefractionalionization

statescanonlybedeterminedbyatimedependentsolutionoftheionization

andrecombinationrateequations.Itisexpectedthatonlyafractionofthe

ionsonfrontofthetargetwouldbeintheAl5+stateand,thus,itisexpected

thatthetruecontributiontothefinalabsorptionfromtheunaccountedmassin

frontofthetargetwouldbeclosertotheFLYCHKestimate.Suchacorrection

wouldonlyaddafewpercenttothefinalabsorptioncoefficientattheAl4+

andAl5+positions.Thesameprocedureswereappliedtothe1pscase,and

thecontributiontothefinalabsorptionfromtheunaccountedmasswasfound

tobeonthesimilarordertothatofthe0.5pscase.
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AppendixD

Self-reflectivity measurementof

femtosecondlaserpulses

interactingwithsolidaluminum

targetswithpeakintensityup

to1015W/cm2

Thepurposeofthisself-reflectivitymeasurementwastobenchmarktheMULTI-

fssimulation,whichwasusedtomodelthetargetexpansionfortheexperiment

ofprobingtheionizationstatesofwarmdensealuminumwithBetatronra-

diationaspresentedinChapter10. Theexperimentwasperformedwitha

commercialregenerativelyamplifiedTi:sapphirelasersystem[217]locatedat

theElectricalandComputerEngineeringDepartmentoftheUniversityofAl-

berta.Thislaseroperatesatacenterwavelengthof800nmwithpulsewidth

(FWHM)of130fsandpulseenergyofupto500µJ.

Fig.D.1showstheexperimentalsetupforthereflectivitymeasurement.The

800nm,130fs,p-polarizedlaserpulseswithdiameterof∼1cmwerefocused

ontothetargetswithincidentangleof45degreesbya5-cmfocallengthachro-
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matlenswithanti-reflection(AR)coatingforIRlight.A50nmaluminumthin

filmsputteredontoaglassplatewasusedasthetarget,whichwasmounted

onacommercial3Dmotorizedtranslationstage.Thefocalspotsofthelaser

pulsesatthetargetplaneafterinteractingwiththetargetswererecordedbya

lensimagingsystemthatconsistedofanobjective(VickersG9928,3X/NA0.1)

andaCCDcamera.Theinputfocalspotsatthetargetplanewerealsomea-

suredbythislenssystembyloweringthelaserintensitybelowthedamage

thresholdofthealuminum.Atwo-lensimagingsystemwassetuptoviewthe

targetfrontsurfacetomakesuretheareaofthetargetplateforinteraction

wasalwaysatthefocalplaneofthe800nmlaserpulse.Thelightsourcefor

thistwo-lensimagingsystemwasgeneratedfromagreenLEDthatwaslocated

outsidethechamber.Thepulseenergywascontrolledbyacombinationofa

half-waveplatefollowedbyaGlanpolarizerattheoutputofthelaser. The

pulseenergywasmeasuredatakilohertzrepetitionratewithapowermeter

(Spectra-Physics Model407A)placedatthetargetpositiontocalibratethe

photodiodePD1.Thiscalibratedphotodiodewassubsequentlyusedforshot-

to-shotenergymeasurementoftheincidentlaserpulse.Themaximumpulse

energyattargetwasmeasuredtobeapproximately250µJ.Thereflecteden-

ergyofthelaserpulsewasmeasuredbyanotherphotodiodePD2,whichwas

calibratedwiththephotodiodePD1bymountinga98%dielectricmirroratthe

targetposition.TheoutputofthePDswerereadoutat100µsafterthelaser

pulseusinga100MHzbandwidthoscilloscope(TektronixTDS200)with1MΩ

internalimpedancesetting.Thistimedelayinmeasurementwasemployedto

avoidinterferencefromtheelectricalnoisefromthelaserfiringatt=0.In

thisexperiment,weignoredthetransmissionofthe800nmlightthroughthe

50nmaluminumfoil,whichwasfoundtobenegligibleinapreviousALLS

experimentalcampaign.

Fig.D.2(a)showsatypicalimageofthefocalspotprofileatthetarget

position. Presentedin(b)isthehistogramoftheintensitydistributionfor
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thatthereflectivitygraduallydecreaseswiththeintensityandthenreachesa

plateauwhentheintensityisapproximatelyabove3×1014W/cm2. MULTI-fs

simulations[195]wereconductedtointerpretandcomparewiththesemeasured

reflectivities. Thelaserparameterssetinthe MULTI-fssimulationsarethe

sameasthoseintheexperiments:130fs(FWHM),800nm,p-polarization,

45degreesofincidence. Thelaserpulseshapeinthesimulationisasine-

squaredfunctionwiththeformofI(t)=Imaxsin
2(π
2
t
τ
),whereImax isthe

peakintensity,τistheFWHMpulseduration. Thetargetis50nmsolid

aluminumwithmassdensityof2.7g/cm3andisinitiallyatroomtemperature

Te=Ti=0.0258eV.Thetargetinthesimulationhasafinercellsizetoward

theirradiatedside,wheremostofthelaserplasmainteractiontakesplace.In

thesimulation,theEOStablesweregeneratedbyMPQeoscode[213],andthe

opacitiesandionizationtablesweregeneratedbytheSNOPcode[214]assuming

localthermodynamicequilibrium(LTE).Theheatfluxinhibitionparameter

wassettofreestreaminglimitf=0.6. Twodifferentplasmaconductivity

modelswereemployedforthesimulations,i.e.:theelectron-phononmodel

andtheDrude-Sommerfeldmodel. Thedetailsofthesetwoplasmamodels

havebeengiveninAppendixB.Thesimulatedreflectivitiesversuslaserpeak

intensitiesareshowninFig.D.3,withtheblueemptysquaresrepresentingthe

resultsfromtheelectron-phononmodelandredemptytrianglesfromDrude-

Sommerfeldmodel.

AsshowninFig.D.3,thereflectivitiessimulatedbythetwoplasmamodels

followatrendsimilartothatoftheexperimentalmeasurements,i.e.:decrease

gentlyatfirstandbecomeflatafteracertainintensity.Fortheelectron-phonon

model,thistransitionintensityfallsbetween(2−4)×1014W/cm2whereasit

fallsbetween(4−6)×1013W/cm2forDrude-Sommerfeldmodel.Thefalling

partsofthesimulatedandmeasuredreflectivitycurvesareduetothelin-

earincreaseoftheplasmacollisionfrequencywiththeplasmatemperatureTe

whenTe<<TF,whereTFistheFermitemperatureofthematerial,leading
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toanenhancedlaserabsorption.Intheelectron-phononmodel,theincreas-

ingcollisionfrequencyisduetotheheatingoftheionswhichenhancesthe

electron-phononinteractions.IntheDrude-Sommerfeldmodel,theincreasing

collisionfrequencyisduetotheincreaseinthenumberofelectronsavailable

forCoulombscatteringinadegenerateplasma. Whentheplasmatemperature

keepsincreasing,thecollisionfrequencyreachesanearlyflatregionwherethe

collisionfrequencyismaximumbeforeitfallsoffinaclassicalplasmabehav-

ior∝T
−3/2
e (Spitzercollisionmodel).Inthisflatregion,thelaserabsorption

wouldremainapproximatelyconstant,whichexplainswhatweobservedwhen

thelaserpeakintensityisabove3×1014W/cm2.However,asshownbythe

simulationresults,itappearsthatthestartingintensityforthismaximum-

collision-frequencyflatregionisdifferentforthetwoplasmamodels.

Intheintensityregionbelow1014W/cm2,theelectron-phononmodelsome-

whatunderestimatesthelaserabsorption,whereastheDrude-Sommerfeldmodel

appearstooverestimatetheabsorption.InRef.[196],theMULTI-fssimulations

withelectron-phononmodelwerealsocomparedwithexperimentalresultsfor

p-polarizedlightinteractingwithsolidaluminumin45-degreeincidence.How-

ever,theexperimentalresultsusedforcomparisonwereachievedwithlaser

pulseswithshorterwavelength(308nmforMichlberg[219]and248nmforFe-

dosejevs[220])andlongerpulseduration(400fsforMichlbergand250fsfor

Fedosejevs). Whatwasfoundfromthecomparisonisthatthelaserabsorption

issensitivetotheelectron-ionrelaxationtimeatlowintensity,becauseitde-

terminestheiontemperaturewhichinturnaffectsthecollisionfrequency.The

sensitivityofthelaserabsorptiontotheelectron-ionrelaxationtimeatlowin-

tensitymayexplainthediscrepancyweobservedherefortheelectron-phonon

model. However,fortheDrude-Sommerfeldmodel,thecollisionfrequencyis

independentofiontemperaturebutscaleswiththeaverageionizationstate

∝Z1/3atlowintensity.AsshowninRef.[196],theionizationmodelbasedon

LTEassumptionusedinMULTI-fstendstooverestimatetheionization,which

280





theinputandreflectedpulseenergieswererecorded.Therefore,theintensity

distributionoffocalspothastobetakenintoaccountinordertomatchthe

measuredintegratedreflectivitywhichisachievedbydividingtheinputpulse

energybythereflectedpulseenergy.Fig.D.4(a)showsthehistogramofthe

intensitydistributionofatypicalheaterfocalspotmeasuredduringtheALLS

2014Januaryexperimentalcampaign. Theenergyfractionofeachintensity

componentinthefocalspotwasusedastheweightingfactorforcomputing

thefinalintegratedreflectivityandisshowninFig.D.4(a)aswell. Forthe

MULTI-fssimulation,theDrude-Sommerfeldmodelwasselectedtosimulate

thelaserabsorptionundertheintensityrangeofthemeasuredfocalspotssince

itmatchesbetterwiththeexperimentwithlaserpulsedurationof30fs.The

simulationlayoutisthesameastheexperimentalone,i.e.:800nm,30fs,

p-pollaserpulsesirradiatinga50nmaluminumtargetat40degreesangleof

incidence.Thesimulatedreflectivityasafunctionoflaserpeakintensityisshow

inFig.D.4(b). Withthesesimulationreflectivities,thetheoreticalintegrated

reflectivityfromtheMULTI-fssimulationcorrespondingtothelaserfocalspot

ofinterestcanbecalculated,andtheequationforthatisgivenby:

Rth=
n

i=1

riWi (D.1)

whereriistheMULTI-fsreflectivityfortheithlaserintensityinthehistogram

ofthefocalspotintensitydistribution,Wiistheweightingfactoroftheith

intensitycomponentasshowninFig.D.4(a),nisthetotalnumberofbinsin

makingthehistogramfortheintensitydistributionofthefocalspot. Here,

forcomputationalconvenience,theequationofathird-orderpolynomialfit

totheMULTI-fssimulatedreflectivities,asshowinFig.D.4(b),wasusedto

estimateri.Fig.D.5showstheRthcalculatedwiththeabovemethodtogether

withthemeasuredreflectivitiesachievedforfourconsecutiveshots.Fromthe

graph,thesimulatedreflectivitiesusingtheDrude-Sommerfeldmodelindicate
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