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Abstract

Laser WakeField Acceleration (LWFA) is a method to accelerate electrons up to the GeV
level. The concept involves electron injection and acceleration in the same setup, creating
an accelerator of ultra-high electric field (~GeV /m), and tiny size, ranging from few mm
to few cm lengths. This is nowadays achievable with table-top lasers, or in university-scale
facilities. As the size and cost of an accelerator based on Laser Wakefield technology are
reduced compared to conventional technology, scientists over the globe are working hard
in this field.

In LWFA experiments, an ultra-fast (To~fs), ultra-intense (I,~108 W /cm?) laser
pulse interacts with a gaseous target, forming a plasma channel. When specific conditions
are fulfilled, some background electrons are injected into the rear side of the channel in
the shape of a bunch. In this channel, plasma waves are formed, which create an
accelerating field at the laser propagation direction. The electron bunch is accelerated
due to this field in relativistic velocities and its energy according to state-of-the-art
experiments exceeds some Gel within few cm. The acceleration is more efficient when
the driving laser pulse length is smaller than the plasma wavelength (cTy < 4,). The
relativistic electron bunch has a small size and angular divergence; however, its energy
spread is high. Also, electron bunches accelerated via the LWFA mechanism still need to
be more stable and controllable. In this context, the goal is to optimize LWFA, regarding
electron bunch stability, energy, and energy spread.

This dissertation studies the role of the gas density profile in controlling the
characteristics of LWFA electron beams. Multiple scientific groups extensively study the
role of the gas nature, the gas density, and the gas density profile in LWFA. In this
dissertation a gas jet assembly, namely a pulsed gas valve with an interchangeable nozzle
attached, is used. A set of different geometry nozzles incorporated into the gas valve was
studied as a final integrated design. Initially, Computational Fluid Dynamic (CFD)
simulations of the gas flow for the integrated designs were performed. Selected nozzles
were subsequently 3D-printed, and experimental density evaluation measurements via
interferometry were conducted. Also, constructed non-axisymmetric nozzles were
evaluated via tomography.

Several nozzles were used for LWFA experiments, and the results are presented

in detail. Increasing the length of the gaseous target increased the peak electron energy




and energy range. Using N2 as a gaseous target and increasing the backing pressure, the
mean total charge, mean maximum energy, and angular divergence of the electron beam
increased, while the mean saturated energy decreased. Some of the experimental results
were further investigated with PIC simulations, conducted by Dr. Anastasios Grigoriadis.
Although the non-symmetric nozzle was not experimentally tested, the behavior expected
was studied by conducting 2D PIC simulations.

Finally, an identification study of Betatron radiation, a collimated, soft x-ray beam
produced concurrently and collinearly to the electron beam, is presented. Measurements
of x-ray signals by varying x-ray source position and the gas backing pressure, revealed

a directional x-ray beam, produced only when LWFA conditions were fulfilled.



NepiAnyn

H uébBodog emtayxuvong nAektpoviwv pe tn xpnon laser, yvwoty w¢ Laser
WakeField Acceleration (LWFA) mapdyel TMEPAUATIKA SECUEG NAEKTPOVIWV HE
eVEPYELO HEPKWV GeV. Ztn uéBodo autr, Ue TN XprHon €vOg UTtEP-LoXUpoU A€Llep,
dnuloupyeital €vag MIKPOOKOTILKOG EMITAXUVING TAAOUATOC HE HEyeBOG ToU
Kupaivetal ano Alya mm €wg Alya ¢cm, o omoiog umootnpilel €alpeTkd LoXupa
NAeKTpKA Media TNG Tafewg twv Gel /m. EmutAéov, Ta nAekTpdvLa TTOU ELOEPXOVTAL
OE QUTOV MIPOEPXOVTAL aro To (610 To MAdopa tou dnutloupyndnke, onote n péEBodog
UTopel val AABEL xwpo aKOUA KAl PE TN XPRon evOog olyxpovou, erutpamnellov Aélep
N ME TN XPrON EYKATAOTAOEWY TTOVETILOTNULAKAG KAHAKOG. To BaoLko TAEOVEKTN A
NG HeBOS0oU elval OTL To HEyeBOC KL TO KOOTOC EVOG ETULTAXUVTH Ttou Baciletal otnv
Texvoloyla autr) €ilval HelwpEVo, O OUYKPLOnN ME TN oupPatiky texvoAoyia
ETUTOXUVTWV.

Ev ocuvtopia, n péBodog LWFA Sle€dyetal MELpAUATIKA OTOV £VOG EEALPETIKA
umep-Bpaxis (To~fs) ubnMig évtaong (I,~10'8 W/cm?)) mnahudg Aéwlep
oAAnAoemdpa pe £vav aEPLO 0TOXO, SNULOUPYWVTOC Eva KavaAl mAdaopatoc. Otav
SnuoupynBolv oL KAaTtAAANAeg o©UVOAKEG, KAmMOlA oMo T NAEKTPOVIA TOU
TEPLBAANOVTOC TAAOLATOC ELOEPYOVTAL OTO KAVAAL PE TN popdn S€0UNC. ITO KOVAAL
oxnuatilovral KUpOTo MTAACUATOC, TTOU SnULoupyoUlV €va NAEKTPLKO Ttedio kavo va
Ta €TULTAXVVEL O0TNV KatevBuvon dtadoong Tou AEWlep OE OXETLKIOTIKEG EVEPYELEG. H
ETLTAXUVON €£lval TILO QAMOTEAEOUATIK OTOV TO MNKOG TaApol tou Aéwlep eival
MLKPOTEPO OO TO MNAKOG KUUATOG TOU TIAACUOTOG TIoU Snpioupyeital (cTy < 4y). H
OXETIKLOTIKA S€oun nAektpoviwv €xel evoladEpovta XAPAKTNPLOTIKA, OTWE HLKPO
MEYEDOC KO YWVLOKI OTTOKALOT), OLWG EXEL LEYAAO EVEPYELOKO EUPOC. EMAEoV, AOyw
TOU ETUTOMIOU  OXNUATIOMOU TOU  E€mTayuvin kotd v oaAAnAemidpaon,
mapatnpouvToL MPoBARUATA OTNV OTABEPOTNTA KAl OTOV £AEYXO TWV LOLOTATWV TNG
6€oung. MoAAEG epeUVNTIKEC OUASEG OVA TOV KOO0 €XOUV ETILKEVIPWOEL TNV €PEUVA
Tou¢ otnv PeAtlotonoinon tng peBOdoU, WOTE va TapAyovtal OTAOepEG Kot

puBULLOEVEG bEoEG NAeKTpOViwy aro TN ueBodo auth.




Ye auth tn StatpPn e€etaletal o poAog tou podil Tou aépLou oTOXOU OTOV
EAEYXO TWV XAPOKTNPLOTIKWY TNG SE0UNG TWV NAEKTPOVIWY, TTOU TOPAYOVTOL UE TN
pnEBodo LWFA, mou, omwc mpokUmtel ano tnv BiBAloypadikr emokonnon, ivat éva
OPKETA ONUOVTLKO €PEUVNTIKO INTNHA. H LEAETN €EVOC CUOTHOTOG TTOU EAEYXEL KOl
Slopopdwvel Tn pon Tou agpiov amoteAoUpevo amo pla BaABida kal éva cUVoAo
and  SladopeTKNG  YEWUETPlag okpodUOold, ToOpouclaleTal Héoa  amo
npooopolwoel Ymoloylotikng Pueotobuvapikng (CFD — Computational Fluid
Dynamics). Ta akpodUola mou HeEAETAONKOV, KOTOOKEUAOTNKOV HE TN XPHRon
Texvoloylag tpldlaotatng ektunwong (3D-printed), evw ta mapayoueva mpodiA
TIUKVOTNTAC  MEAETNONKAV — TEWPAUATIKA  HE  oupBolopetpia.  EmumAéov,
KOTAOKEUAOTNKAV N CUMUETPLKA akpodUoLa, yia Ta omola ebapuootnke n pEBodog
¢ Topoypadiac.

ITn CUVEXELQ, Ta akpodUOLA XpnoLomoLBnKav o€ MELPAPATIKA dldTagn mou
avantuéape ylo TNV Emtayuvon nAektpoviwv pe tn pEBodo LWFA kal ta
QMOTEAEOATA AUTAC TNG LEAETNG Mapouatalovtal otny mapovoa Atatplpn. H xprion
akpoduaoiwv, mou dnuiovpynoav pakputepa MPodIiA TukvotnTag, odnynoe otnv
avénon NG MEYLOTNG EVEPYELDG, KABWC KOL TOU EVEPYELAKOU E€UPOUC TWV
nAektpoviwv. EMumAéov, mpaypatonolBnKke MApaUETPLIK LEAETN UE TN XPNON EVOG
HOvo akpoduciou kal agplol N, mou €6€l€e OTL audvovtag tnv aokoU eV Tiieon
oto cvotnua PaABidac-akpoduciov 10 pHEcO ouVOAlkd doptio, n HEon HEYLOTN
EVEPYELQ KOL N ywVLAKN amokALon t¢ S€oung nAektpoviwv avénbnkav, evw n Héon
KOPEOUEVN evépyela MPewwOnke. MNa mepetaipw Slepevvnon, HEPLKA oo T
TIELPOUATIKA amoteAéopata PeAeTnOnkav kot pe tn xprnon PIC kwdlka oamod to
ouvadepdpo Avaotdaclo [pnyopwadn, Tta omoia amoteAéopota  emiong
napouvotalovtal. JUPUPWVA UE QUTH TN HEALTN, TA TIELPAUATIKO ONMOTEAECUATA
OVOTIAPAYOVTAL TIOLOTLKA, EVW TA OVAUEVOUEVA ATTOTEAETHATA YLOL TN XPrON TOU UNn-
CUMMETPLKOU akpoduaiou 1 eival emiong onuavtikol evladépovtod.

EmutAéov, tautoxpova kot otnv (6ta katevBuvon He TN Ofoun TWV
NAEKTPOVIWY TTAPAYETAL KAl Lot SEOUN HKPNG YWVLOKAG OIMOKALONG, CUUbWVWY
XWPLKA AKTWVWV X, TIou ovopaletat aktivoBolia BAtatpov. Ita mAaiola avayvwpLlong

Kol SLoXWPLOPOU auTh ¢ TNG aKTVOBoALOG armd aKTIVEG X TTOU TTapAyovVTaL 0TO TTAACUA




armo AGAAOUG PNXaVIoOHOUG, Tpayuatonolfnke €va TMelpapo Tou oOmoiou Ta

anoteAéoparta eniong mapouvolalovtal otny napovoa Alatpipn.
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Emtttayuvon cwpatidiwv pe tn xprion diatagng Laser uPnAng
€vtaong Kot 0 pOAOG TNG AEPLOSUVAMLKNAG.

O unxaviopog entdyuvong nAektpoviwv Laser WakeField Acceleration
(LWFA)

O unxaviopog Laser WakeField Acceleration (LWFA) xpnolpomnoleitol eupéwg
yla TNV ETUTAXUVON NAEKTPOVIWVY O€ eVEPYELEG TTOU TAVOUV pePKA GeV, péoa o€
TIOAU Uikpn andotacn. Oco ta NAeKTpoOvVLa EMLTO)UVOVTOL 0T KateuBuvaon dtadoaong
Tou Aéllep, TOUTOXPOVA TAAOQVIWVOVIAL EYKAPOLA, Tapayovtag ¢pwrtovia otnv
TEPLOXN TWV aKTivwv X. Meydalo epeuvntikd evlladépov €oTlAleTaL O QUTO TO
UNXOQVIOUO, OXL HOvo Aoyw tng evlladépoucas GUOLKAC TTOU TIPOKUTITEL OO TNV
aAANAemtibpaon evog unep-loxupou Aéllep He TNV UAR, oAAQ Kal AOyw TOU HIKPOU
HEYEBOUG, Apa Kal KOOTOUG EVOC TETOLOU ETILTAXUVTH, OE OXECN HE TOUG AEYOUEVOUG
ouppatikouc. H mpoomtikn va xpnotuomnotnBel to LWFA og edpappoyEg mou onpepa
XPNOLUOTIOOUVTAL Yl TIOPASELYUA YpaUUKol emitayuvteg, e€etaletat ndn o€
EPEUVNTIKO eMinedo, OMWCE KAl 0€ LEAETEC OKOTILUOTNTOG.

Melpapatikd to LWFA Aapfadvel xwpa otav évag unep-Bpaxug (7o~10s fs),
UTEP-LoXUPOG TmaAuog (P~TW) eotidletol oe mMOAU pkpr Teploxr OSlapétpou
HEPIKWV SekdSwv um Snuoupywvrag éva maAud évtacng I > 108 W /cm?. stnv
Tieploxn eotiaong aneleuBepwvetal Evag midakag aspiou KATAAANANG TTUKVOTNTOG.
YroBétovtag wg agpLo To AALO Tou cuvnBLeTaL O AUTH TNV KATnyopla MEPAUATWY,
TO 0€PLo Ba €xeL MARPWG LOVIOTEL 6N Ao TOV TTPO-TIAAUO UIKPOTEPNG EVTAONG TIOU
TapayeL 1o Aéwlep, n onmoila OpwWC Eemepva To KATWPAL LOVIGUOU TwV 2 NAEKTPOVIWV
ToUu nAiou. Etol, 6tav o kKUpLog MaApog Tou Afllep PTaAvel, Ta NAEKTpOvVIA peUYOUV
ano tnv meploxn, Adyw ¢ duvaung ponderomotive, dnuloupywvtag plo povoka
LOVTWVY, TO omola MOPAUEVOUV aKivNTa, EVW TA NAEKTPOVLIA TAAAVIWVOVTAL UE ML
ouxvoTNTa TAAAVTWONG YVWOoTH w¢ ouxvotnTa MAACUATOC, N omola efaptdtal anod
TNV MUKVOTNTA ToU TIAAopaToC. H duocaliida pe ta kUpota MAAoHAToS akoAouBel
Vv dtadoon Ttou maApou. E¢attiag Twv KUPATWY, N T Tou NAeKTpLlkoL ediou kata
Tn 6LevBuvon dLddoong tou Aélep drtavel ta GelV/ /m. Katd tn 6tddoon to mAATOg
TOU NAekTplkoU Ttediou ouveyilel va auvfavetal, HEXPL TTOU GTAVEL TO AVw OpLO TOU
‘wavebreaking’. Tote, Uépog Twv nAektpoviwv eloépxovtal otn duoaAida, kot
emtaxvvovtal Adyw Ttou nAekTplkoU mediou mou dnuloupyeital amod ta Kupata
mMAAopato¢ otn KatevBuvon &ladoong tou Aéllep. Ta NAEKTPOVIA QUTA €XOUV
XOPOKTNPLOTIKA SE0UNG, UE UIKPO EVEPYELAKO €UPOC KAl YWVLAKN amOKAlon. Itnv
TEPUMTWON auTh €XOUUE €l0060 TwV nAekTpoviwv otn Sourn emtdyuvong PE TO
punxaviouo self-injection.

Opweg ta nAektpovia pmopel va eloéABouv otn Sourn €mtaxuvong Kot He
AAAOUC pNXOVIOHOUG, OMWCE TO ionization injection, i to down-ramp injection. Xtnv
TiEPUMTWON TOU ionization injection, £€o0UHE A£pLO PEYAAUTEPOU OTOULKOU aplOpol
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Kol EVW Ta e€WTEPA NAEKTPOVLA LovilovTal oo ToV PO-TAAMO Kal SnuLoupyouv Ta
KOJATA TAQOUATOG, KATOLO oMo Ta NAEKTPOVIA TWV ECWTEPKWV oTolBadwy
lovidovtal péoa otn ¢ouoka, €ite amd Tov KUPLO TAAUO, €ite AOyw daLVOPEVWY
dLadoong, Omwe TNV auto-eotiacn Tou Aéllep AOyw HETABOAWV TNG TTUKVOTNTAC KAl
Tou Oeiktn SLABAaong tou MAACMATOC. AUTO TEelpapatikd odnyel Kuplwg o€
HEYAAUTEPO GUVOALKO ¢OopTio 0Tn SEOUN TWV NAEKTPOVIWV. ITNV TEPIMTWON TOU
down-ramp injection, xpnotluomnoleitat éva mpodiA MUKVOTNTAG OTIOU OTNV AP EXEL
gL kopudr TukvotTnTag, n onoila akoAouBeital amod pLa mTwaon T MUKVOTNTAG, TO
Aeyopevo down-ramp. Katd tnv napodo tou Aélep amnod tnv mepLloxn autr, Adyw Tng
XOHNAOTEPNG TIUKVOTNTAG, TO MNKOG KUMATOC TOU MAACHATOG PEYOAWVEL, N dpoloka
ETIUNKUVETAL KOL NAEKTPOVLA UITOPOUV VA ELOEABOUV EUKOAOTEPQ ATTO TO oW PEPOC
N doUOoKOG Kal va emitaxuvOouv. MNelpapatikad, tétola mpodil akoAouBolpeva amnod
HLOL LLKPOTEPN, OTOOEPT TTUKVOTNTA HETA amd To down-ramp, n omnoia BeAtioTomnolel
TNV €mtayuvon, €xouv odnynoeL otn BeATIWON TWV XAPAKTNPLOTIKWY TNG S€0uNG
NAEKTPOVIWV.

Metd TNV €l0obo twv nAektpoviwv otn dour emtdyuvong, Ta NAEKTPOVIA
kepSilouv evépyela péxpl va ¢tacouv Kamowa opla tng peBOdou, OMwe yla
napadelypa to pump depletion length, 6mou n evépyela tou maApou dev ivat mAéov
Lkavn va o8nynoeL ta KUPOTa Tou SnpLoupyolV To NAEKTPLKO TESLO KaL N EMLTA)XUVON
otapotd. Evog amAouoTEUUEVOG TPOMOG TMPOCEYYLONG TOU  UTOAOYLOMOU TNG
OUVOALKN G EVEPYELAG TWV NAEKTPOVIWY €lval 0 TTOAAATTAQCLACUOG TNG LEYLOTNG TLUAG
TOU nAektplkoU meblou emi to MAKOC emtaxuvons. Auto Ba odnyouoe o€
LLOVOEVEPYELAKEG OECUEG TIOU £XOUV KEPSIOEL TN PEYLOTN EVEPYELA OTTO TO TIESIO, KATL
TO omoio nelpapatika dev mapatnpeital, adou yla mapadetypa dsv eLoEpxovial OAa
Ta nAekTpoOvLa otnyv dla B€on Kkat n TR Tou nAektplkoL mediou dev eival otabepn,
adou efaptatal and tnv mukvotnta. EmumAéov kat dAAa pawvopeva Aappfdavouv
xwpa, onwc to filamentation tou Aéwlep 1 to beam loading. Otav cupPaivel To
dawopevo mou amokaAeital filamentation, n 8éoun Aéllep omdelL o UIKPOTEPEG
6€oueg, SNULOUPYWVTAG TIEPLOCOTEPEG ATO ML SOMEC emITAXUVONG, SLALPWVTOG
OLWG TNV EVEPYELA TIOU TIG 08NYEl, UE ATMOTEAECUA ULKPOTEPNG EVIAONG NAEKTPLKO
nedio f kat tnv €lcodo kat emitayxuvon MoAAAMAWY SeCUWV NAEKTPOVIWY OO TIG
enumAéov Sopéc. Otav oupPaivel To davopevo mou anokaleital beam loading, to
doptio tng d€oung NAektpoviwy ou eloEpxetal otn Sour emtayuvong ivatl oAv
HEYAAO KoL LKAVO va TTapopopdWOEL TO TTESIA TNG, UE ATTOTEAECHO VA ETLTAXUVOVTOL
OE0UEC NAEKTPOVIWV PE XAUNAOTEPNG TIOLOTNTAG XAPOKTNPLOTIKA (Meydlo doprtio,
OAAG pEYAAO evepYELAKO EVPOC OTIWG KOL YWVLAKN armokAlon). Mevikd, poKeLTal yla
HLOL 1N YPORULKA aAAnAentidpacn tou AéWlep Pe To MAGOUQ, N onola e€eAicosTal oTo
XPOVO KOl N TPOCEYyLon TNG OvVAAUTIKA elval aduvatn. M autd to Adyo, otov
oxeSlaopd VEWV TEWPAUATWY N OTNV  avaAuon TIEWPAUATIKWY SeSoUEVWY
xpnotpornotouvtal kwdikeg PIC, ol omoiot emiAUouyv Ti§ e€lowoel tou Maxwell o éva
dopnuévo mAEypa, peyEBoug KatdAAnAou yla va TepypAdEL ta GUAAOYLKA

xXii



davopeva Tou MAACUATOG yla Vol TIEPLOPLOUEVO aplOuod Yeudo-cwpatidiwy, mou
QVTLTPOCWTIEVOUV KATOVOUES GOPTiwV.

O pOAoG TG MUKVOTNTAG

Ztn SatpBn autn peAETATAL N SuvaTOTNTA EAEYXOU TWV XOPOKTNPLOTIKWY
TwV OE0UWV NAEKTPOVIWV HECA QMO TNV TUKVOTNTA TOou aegpiou. Omwg noén
avadépbnke, n TUKVOTNTA TOU TAAOMHATOG, N ¢uon Tou OEPLOU, TO HNKOG
EMITAXUVONG, KABWC KaL N popdn tou podiA mailouv kupiapyxo poio otn dnuoupyia
¢ SOUNC EMITAXUVONG, OTIWCE KAl OTNV El0aywyn Twv NAeKTpoviwv og autiv. Etal,
oxedlaotnkav Kal MeAeTnOnkav éva oUvoAo amd akpoduola KatdAAnAa va
Slapopdpwaoouv TRV TUKVOTNTA TOU AEPiOU OTNV TIEPLOXN TNG AAANAEnidpaon g kat va
napayouv Sladopetikd PeTall Toug Tpodid, otnv meploxn evdladépovrog yla to
LWFA. Ta akpoduola mou ouvABwg xpnolgomolouvtal eivol ouykAivovta-
amokAivovta, yla mapadetypo tumou De Laval, kal mapdyouv umepnXNTKEG POEC TNV
£€€060 ToucC.

Mo TN LEAETN TETOLWV akpoduoiwV uTtapxel Stabéatpo otn BAloypadia eva
EUPEWG XPNOLUOTIOLOUHEVO UOVTEAO, TIOU TIPOOEYYILEL TN PO WG LOEVTPOTIKA. To
HOVTEAO QUTO UTOAOYI{EL TIG TIUEG KATAOTATIKWV HEYEOwWV OMwg n mieon, n
TIUKVOTNTA KoL N Beppokpacia péoa oto akpodUOoLo He BACN TIC OPXLIKEC TOUG TLUEG
Kal Tov Adyo tn¢G Slatopng ¢ WUKpOotepng emubdvelag tou akpoducoiou, tou
Aeyopuevou Aawpou, pog TNV endaveLla tou akpoduciou otn cuykekpLluévn BEan. To
HOVTEAO auTO Oev AauPdvel umoPn TUXOV OOUVEXELEG, OTMWE TOV OXNUATLOUO
KUHATWYV Kpouaong, A tTnv tupBwén por mou avantuooeTol KUPLwG O0TA TOLXWHATA TOU
okpogpuoiou. Opwg, oLppwva pe T PBAloypadia Kol  TIPOKATAPKTLKEC
TIPOCOMOLWOELS, N MEAETN KABETWV Kal TAAYLWV KUUATWY Kpouong, Omwe Kol
aouvexelwv emadng alAd kot tng tupBwdoug pong eivat kaBoploTikAg onuaciag.

MNa va neplypddouv MARPwS 0Aeg ol duolkég Slepyacieg mou AapuPBdavouv
Xwpa o€ OAn TNV neploxn evoladpEpPovtog, oL EELOWOELG TNG CUVEXELAC, KABWC KAl TNG
Lot pnongG TNG OpuING Kol TNG EVEPYELOG TIPETIEL VoL AUBOUV, pall UE PO KATOOTATLKN
eflowaon mou meplypadel To aéplo, KabBwe Kot Tov deUTtepo Beppoduvaptkd vouo.
Emeldn n emiluon té€Towv cuoTNUATWY OVOAUTIKA €lval eMITEVELUN LOVO yla TTOAU
amAomolnpuéva poBAAUaTa, OtV  HEAETN  QAUTH XPNOWOTOLRONKE 0 KWOLKAC
UTTOAOYLOTIKN G peuoTtoduvaptkng ANSYS Fluent. Itnv nepinmtwon auth ol eELOWOELG
SlokpLtomolovvtal Kot EMAVETAL TO TIAPAYOUEVO aAYEBPLKO GUOTNUA TIAVW OTOUC
KOUPBOUG €vOC MAEYUATOG TIOU SnUloupyeital KAavovtag xprion kamoiag pebodou
Slakplromoinong, otnv mepimtwon pag tn HEBodo MEMEPATUEVWVY OYKWV.
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MPOCOUOLWOELG YLOL TOV UTTOAOYLOO TG TUKVOTNTAG LECO OO T
oxedralopeva akpodpuoLa

Mo TG TIPOCOUOLWOELS OXESLAOTNKAV Ol KATAAANAEG YEWUETPLEG, OL OTolEG
neplappavouv pépog kat tng BaABidag mou eAéyyxel Tn pon tou agpiou. Auto SLoTL
n 6ta n BaABidba meplhapBavel pa MOAU pIKPAG SlATOUNG TeEpLoxn, n omoia
ETUAEXTNKE va Ta€EL TO pOAo Tou Aawpou. Etal, ta akpoduoila ou dnutoupyndnkav
Atav Katd Paon amokAivovta (Kwvikd), omw¢ d¢aivetat otnv €wkéva 1, omou
napouotaletal to ywplo emniluong tou TpoPARuUaTog. Xpnoldomowdnke o
Baclopévog otnv MUKVOTNTA ETUAUTNG, OTOU AUVEL TIG EELOWOELG TNG CUVEXELAG TNG
dlatripnong TG OpUNAG KOl TNG eVEPYELAG O €va PBrpa, Kabwg KoL To HOVIEAO
TupBwbdoug pon¢ oto enmopevo Bripa (k-w SST) emavaAnmrTikd, LEXPL VO LKavoTtolnOel
TO KpLTpLo cUYKALONG. EyLVE Xprion TNG 0OVIKNG CUMMETPLAG TOU TPOoBARUATOC, WOTE
va eTAUBel wG aovoouUETPLIKO-2D Kal mpooeyylotnke wg otabepn pon.

1402 Outlet
I e S

25.90

Symmetry Axis

Ewkova 1: To ywpio emiluong tou nmpoPAfpatog. Stnv elcodo pia meplox otabepng ricong (reservoir)
akolouBeitat amd Pikpo tunpa tng BaABidag kal otn cuvexela to oxeblalopevo akpoduolo 1. H pon
ouveyiletal otov BAAapo Kevol, Omou n TN mieong e€6dou eival 1 mbar.

TUTUKA ATMOTEAEGUATA TWV TIPOCOUOLWOEWV TtapouacLalovtal oTnVv kova 2.
Edapudlovrag nieon etododou 40 bar aegpiou He, og pa eployr mou cupBoAilel tn
be€apevn otabepng mieong kal mieon €€6dou 1 mbar, 10 aéplo TMeEPVA PECA ATO
puEpoc tn¢ BaABidag katl 6tav PTacEL 0TNV MPWTN UIKPH AmokAlvouoa meploxn Eekva
n amotoun MIwon TN MUKVOTNTAG Kol oxnuatiletal éva tumou barrel shock, tou
omnoiou o 6ioko¢ Mach Bploketal péoa oto KUAWVEPLKO TUAUA Tou oxedlalopuevou
akpoduoiou. Kbpata ektévwong amokAivouv amod tnv meploxn auth Kal epooov
0VOKAQOTOUV OTO Tolywpa Tou akpoduaiov alldalouv KateLBUVON TPOG TO KEVTPO
¢ pong dnuloupywvtag €va véo tumou diamond shock. H por ouveyiletal kal ta
arnokAivovta kUpota ektovwong anod to diamond shock emavacuykAivouv peta ano
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TNV aVAKAOCH TOUC OTO E0WTEPLKO TOU aKPOdUCIOU KOl OTO OTpwHA SLATUnong,
TIPOKAAWVTAG LA ULKPH aUENON TNG TTUKVOTNTOG OTNV TIEPLOXH TIOU XPNOLUOTIOLELTOL
yla ta melpapata tov LWFA (amo tyv €€o6o tou akpoduaiou kat yia 1 mm).

Density (kg/m " 3)
1.0e-04 0.001 0.01 2.0e+00

— | C —

Diamond-like shock

Barrel shock
Mach disk

Expansion fan
Reflected shock

Mach number

Ewkova 2: TUTIKA omOTEAECUOTA TWV TIPOCOMOLWOEWY e Tov Kwdika ANSYS Fluent. H mtwon tng
TIUKVOTNTOG UETA TNV MEPLOXA TOU Aalpol elval amotopn kot €va tumou barrel shock oxnuartiletol
pHéoa otnv KUAWVSPLKA Tieploxn Tou oxedlalopevou akpoduaoiou. AvoKAWUEVA KUMOTA EKTOVWONG
ouykAivouv Alyo apydtepa kat oxnuatiletal éva devtepo tumou diamond shock. H por cuveyiletal
KOl OTNV TIEPLOXI) AUECWE META TNV £€060 Mapatnpeital pia TeAevutala, Hikpr avénon Tng muUKVOTNTAG.

To povtélo eniAuong meplAappave TV Kataotatikn e€lowon Wbavikou agpiou
Kol EMAUONKE yla oTaBepeG TLUEG TOU LEWOOUG, TNG BEPULKAG AyWYLLOTNTOG KAl TNG
€LOIkNG BeppoxwpntikoTnTag He otabepn mieon. H dla peAétn enavaAndbnke yua
HETAPBOAN TwV MopaAnavw PeyeBwv cUudwva HE TNV KVNTIKN Bewpia Twv aspiwv
Xwplc Wblaitepn emimTwon otig TIHEC TwV HeyeBwY avadopdg (TukvotnTa, aplOpog
Mach). EmutAéov, emeldn mapatnpnBnkav TOTUKA TLLEG TTUKVOTNTOG KAL TIECN G KOVTA
OTlG Kploweg (mou umopel va odnynoouv oe ouvOnkeg yla aAlayn daong),
HeAeTABNKE N emiluon Tou PovTEAOU Ue TN Xpron tng e€lowong mpayuatikol agpiou
Peng-Robinson. & aut tnv nepimtwon mapatnpnonke petaBoAn twv peyebwv
avadopadc <8%.

H peAétn autn StevepynOnke yia 4 Stadpopetika agpta (He, Ne, Ar kat N3), yla
5 &ladopetikng yewpetpiag akpoduola (Mivakag 1) twv omoiwv ta oxédla
napatibevral oto Appendix B, kal yia €va cUVOAO TIAPOUETPWY OTWG N TilEon
elo6dou otn defapevn kat n micon €€66o0u 0to OAANAUO TTOU EKTOVWVETOL TO OEPLO.
Ta mpodiA TNE MUKVOTNTAC OAWV TWV AKPODUCLWV YLOL OPLAKES CUVONKEC BLEC PE TIG
mapandavw napouactalovral otnv ewkova 3, yia 400 um andotaon and tnv €§0do tou
akpoduoiou, meploxn evlladépovtog yla T TEWpApata. Onwg  daiveral,
mapouolalouv KopudEG oTNV AKPN KOL TTTWON OTN HEo.
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Cone length (mm) 6 8 3 6 o)

Base length (mm) 1.5 3 1.5 1.5 2

Exit diameter (mm) 2 3 2 2.5 3
2

Straight part (mm) = = - -

Mivakag 1: Alaotdoelg Twv akpoduciwv ou peAetndnkav.

%108

10

particle density (cm'3)

-15 -1 -0.5 0 0.5 1 1.5
distance (mm)

Ewova 3: H Tt t¢ ocwpatdlakng mukvotntag tou aegpiov He 400 um amod tnv €odo kabe
akpoduoiou (Mivakag 1) yia aéplo He, 40 bar nieon otnv eicodo kat 1 mbar otnv €€odo.

EnutAéov, oxedldotnkav Kal pn CUHHUETPIKA akpodUola HE OKOTO tn dnuloupyia
€VOG podiA ukvotnTag katdAAnAou yia LWFA pe tn uéBodo down-ramp injection,
Twv omoiwv Ta oxedla mapatiBevial oto Appendix B. Ola ta akpoduiola
KaTookeuAotnkayv Ue TN HEB0SO TG TPLdLAoTATNG EKTUTIWONG. AOKILAOTNKAV TPELG
S10PpOPETIKEG TEXVIKEC, oL FDM, SLA kot LMD.
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Ewkova 4: ox€dlo kal dwrtoypadieg amnod to ektunwpévo pe FDM akpoduato 1.
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Ewova 5: NpodiA mukvotntag, mou mpoékuav armd cUUPBONOUETPLKEG LETPHOELS (LWP ypapun) amd
To akpoduolo 1 yia He (mavw) Ne (uéon) kat Ar (kdtw) pe 40 bar nieon otnv eicodo cuykpivovtal pe
QTN TIOU TIPOEKUPE OO TNV pooopoiwon (mpdoilvn ypapun) yia anootacn 300 um (aplotepd) Kat
500 um (6€€La) amo tnv €§060 Tou akpoduaiou. MNa T LETPAOELS avartuxOnke cUUBOAOUETPO TUTIOU

Nopdpokt.

21N OUVEXELD LETPABNKE N TTUKVOTNTO TOU AEPLOU TIOU TIPOKUTITEL yla KAOe
akpodULoLo, yla 4 StadopeTikd aépla Kat ylo Stadopeg mEceLg otnv 0060 NG
BaABibag pe tn puEBodo tnGg cupPolopetpiag. Avantuxbnke cupBOAOUETPO TUTIOU
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NoUApoKL KoL n avAAuon TwWV ONMOTEAECUATWVY EYLVE HE TN XPNon Kwdlka mou
ETETPENE TNV QAVASELEN QACUUMPETPLWV OTNn por Tou aepiou. Eywve olykplon Twv
QIMOTEAEOUATWY TWV UETPAOEWV HE TIG TIPOCOUOLWOELS Kol BpéBnkav katd Baon ot
KaAn cupdwvia. Na mapadetypa, otnv elkéva 5 mapouolalovtal AnoTeEAECUATO ATt
10 akpodUoLo 1 6Iou N MUKVOTNTA IOV PETPRONnKe yia He, Ne kat Ar pe 40 bar mieon
otnv €lcodo ouykpivovtal Le auTH TOU TIPOEKUYPE QMO TNV TMPOCOUOLWON yla
andotaon 300 kat 500 um amnod tnv €€060 tou akpoduaoiou.

ErutAéov, yla to Un CUMHETPLIKA akpoduaota, EAndOnoav elkoveg cUUBOANRG
arnod 4 5LadopETIKEG YWVIEG, TIPOKELUEVOU VA YIVEL UTTOAOYLOHOG TNG TIUKVOTNTACG LUE
™ UEB0SO TNG Topoypadlag. ITnv elkOva 6 Mopouclalovtal ANMOTEAECUATA TWV
npodiA t™N¢ mukvotnTag mou mpogkuPav amod 1o akpoduaolo NS 1 yia Siadopeg
QmooTAcel; amo tnv €£odo Tou. Aplotepd, mapouctalovtal ta TPodiA Tou
npoékuPav otnv katevBuvon Swadoong tou Afllep, ta omoia Snuloupyouv TO
npocdokwpevo down-ramp, akoAouBoUpeVO amod pLa ePLox XaunAng aAld oxedov
otaBepng MUKVOTNTAC. Ag€Ld TAPOUGCLALETAL N TLUN TNG TIUKVOTNTAG KABETA amod tnv
katevBuvon 6tadoong tou Aélep. ZUpdwva pe tn PBAloypadia, pHEXPL TwpA TO
npodiA autd mapayovtal pe t xprnon Stadoxikwv akpoduoiwv pe SlapopeTiko
npodiA agpiwv N He TN xprion epmodiov pikpwv Stactacewv (m.x. Eupddt) mavw anod
10 akpoduoLo. H dnuloupyia evog Tétolou mPodiA TUKVOTNTAG UE TN XPHON €VOG
Hovo akpoduaiou eival onuavtikr SLOTL amAomoLel TNV MelpapaTiky Stataln.
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Ewlkoéva 6: Mpodil mukvotntag mou mpogkuav omd OCUUPOAOUETPLKEG WETPNOELG KATA WNKOC
(aplotepad) kat kaBeta (6€€Ld) otnv kateLBUvon SLadoaong Tou AELZEP VLA TO 1N CULUETPLKO akpodUoLo
NS 1 o S1adopeg amootdoelg arno tnv €060 tou akpoduaiou.

Nepdpata enttayuvong NAEKTpoviwy

Ta okpoduola oxedldotnkav HE OKOTO TNV EMiteuén eAéyxou Twv
XOPOAKTNPLOTIKWY TNG S€0UNG TwV NAEKTpOViwY HEoa amo Ta tpodiA TN TUKVOTNTAC.
Eddoov xapaktnplotnkav pe cupBolopeTpia, KATOLA OO AUTA XPNnoLUomoLonkay
kalt oe melpapata LWFA. Ta mepdpata mou napouctdalovtal Ste€nxbnoav pe tn
Sdataén mou oxedlaocape kot uAomotnoape oto lvotitouto Quoikrg MAACHATOS Kot
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NéWep (IOMNA) tou EAANVIkoU Meooyelakou Mavemnotnuiov. Onwg daivetal otnv
glkova 7, n 6éopn tou Aéllep Zeug Slapétpou 5.5 cm, XpovikAG SLapKeLag TTaApoU
25 fs kau evépyelag ~ 1 ] eotidletal mdvw and tov nidaka (jet) aepiov oe €viaon
ueyaAvtepn amd 10%° W/cm?. Exkel ouvavtd tov midaka aepiou ToOU
aneAevBepwvetal anod o nAsktpopayvntiki BaABida, n omoia avoiyel katomwv
ONMOTOC IOV £pXETaL oo To A€wlep Kal SlapopdwveTal amod akpodUGLo TNG ETUAOYNG
pag. H aAAnAemibpaon mopdyel €va KavaAl MAAOMOTOC TO oOmoio, Adyw TNg
METABOANG TNG MUKVOTNTAG TOU MAACHOTOG, TAPOoUOoLAlel TEPLOXEG SLAdOPETIKNAG
dwtewvotnTag Kat otn didtaén avtn kataypadetal pe tn pEBodo tng oklaypadiag.
Ta nAektpovia mou emtayvvovtol otn KatevBuvon dtadoong tou Aélep Tepvolv
péoa amd éva {elyo¢ payvnTwv otabepol payvnTKoU TESloU Kol EKTPETOVTAL
avaAoya HE TNV EVEPYELA TOUC amo tn dUvaun Lorentz kaBeta oto payvnTiko medio
KOl oTNV apxlkn toug taxutnta. Etol, to ¢acpa tng S€oung Twv nAektpoviwv
OTELKOVI(ETAL O€ MO KAPEPO OTIWG KL N YWVLAKI TNG ArOKALon. AltoteAéopata Tou
TELPAUATOC TIAPOUCLAIOVTAL OTLC ELKOVEG 8, 9 kal 10 yLa T XprHon Twv akpoduoiwv
0, 1 kat 2. To akpodualo 0 sivat KUAWSPLKO pe dtapetpo 0.8 mm kal mapadodnke
pall pe tnv BaABida. Ta akpodlola 1 kat 2 oxedldoTnkav Kol EKTUTWONKAV ota
mAaiola autng tng dlatplPnig Kat €xouv SLAPETpO 2 Kol 3 mm avtiotola, Onwg
daivetat otov Nivaka 1.

Main Beam (800 nm)
Probe Beam

Electron Beam

545 nm light (Lanex screen)

Optical
Diagnostics
Elkova 7: IXESL0 TNG MELPAUATIKAG SLATAENG TTOU avamTuEaE OTO KEVIPLKO BAaAapo kevou tou IOMA.
To AéWlep eloépyeTal oto BAAapo Kal eoTldleTal Mavw amo tov midaka agpiou. O unxaviouog LWFA
Aappavel xywpa 6tav to Aéwlep eoTlaleTal mavw oo TNV £€080 NG NAEKTpoUayvNTKN G BaABidag omou
éva akpoduaolo Stapopdwvel tn pon tou aegpiou. H &éoun nAektpoviwv vPNnAnG evépyelag mou
mapayetot Staoxilel éva LoYupO POyvnTIKO TESIO KoL EKTPETETOL WG CUVAPTNGON TNC EVEPYELAG TWV
nAektpoviwyv. To amotunwpa Tt aAAnAenidpacng tg 8€oung Twv nAektpoviwv pe pa pBopilovca
0006vn kataypAadeTal O€ Pl KAUEPA KAl LE TN XPHon KATAAANAOU KWKo UTIOAOYITETAL TO EVEPYELAKO
ddopa. Mwa deutepelovoa Séoun tou Aélep Tepva KABeTa amd thv meploxn arlnAenidpaong kot
XPNOLUOTOLELTAL YLO TNV OTTELKOVLON TNG OKLAG TOU KOVAALOU TTAACHATOC TTou SnLoUpYELTaL.
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Ewova 8: a) Daopata evépyelag Twv NAEKTPOViwyY Kat b) n mpoBoAn Toug otov dfova tng evépyeLag c)

LE T Xprion tou KuAwdpikol akpoduciov pe Stapetpo e€66ou 0.8 mm yla agplo He pe mieon otnv
eloodo 12 bar.
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Ewova 9: a) daoparta evépyelag Twv nAektpoviwy Kot b) n mpoBoAn Toug otov dfova TG eVEPYELAG
HE TN Xprion Tou akpoduaciou 1 pe Stapetpo e€6dou 2 mm yla aéplo He pe mieon otnv eicodo 40 bar.
c) Ev8elkTikO KavaAL MAdopatog pe th éBodo tne oklaypadiag.
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Ewova 10: a) Gaopata evépyelag Twv NAEKTpoviwy Kat b) n mpoBoAr] Toug otov dfova TnG EVEPYELAS
LLE TN Xprion Tou akpoduaciou 2 pe Siapuetpo e€66ou 3 mm yla aéplo He pe mison otnv eicodo 35 bar.
¢) EvSeIKTIKO KavaAL TAAOMATOC Ue TN KEB0SO TNG oklaypadiag.

JuyKpLvovTOG Ta EVEPYELOKA PACHOTA TWV EIKOVWYV 8-10 mapatnpoUUE OTL
EVEPYELX TNG OE0UNG TWV NAEKTPOVIWY OMWE Kal To €UPOG TNG HEYOAWVEL OGO
HEYOAWVEL TO HAKOG Tou akpoducoiou. H péBodog auth emutpénel va auénbel n
HEYLOTN EVEPYELA OO0 TO UNKOC TIAPOUUEVEL LKPOTEPO ATIO T OPLO TIOU avadEpOnkav
vwpltepa.

EmutAéov mapatnprioape otnv swova 9 (c) otL otnv oklwaypadia ywo Tto
akpoduolo 1 epdavitovral moAAamAd kavaAla TAdopatog avti yia 1. EmumA€oy, oTig
PIC mpoonuewwoel ywa mpodid mAdopatog mou TpoekuPe amd tn UETPNON
TIUKVOTNTAC yla to akpoduaoto 1 ota 40 bar agpiou He, dpavnke OTL oTNV MEPLMTWON
autn eiyape filamentation tou Aéulep.

Ou PIC mpoonuewwoelg Sie€nxbnoav emiong ywa mpodih TMAACUATOC TOU
TIPOEKUYPE o TN HETPNON TIUKVOTNTAC Yyl To akpodualo 2 ota 40 bar agpiov He
kat tou NS 1 oe avtiotowxeg ouvOnkes. Ta amoteAéopata €ds€av kat otig 3
TIEPUTTWOELG OTL N €l0080¢ TWV NAEKTpOViwV otnv Soun €MITAXUVONG CUVEPRN PETA
NV tapodo tou A£lep amo TNV MTWAON MUKVOTNTOG TTOU Ttapatnpeitatl ota nmpodiA kat
epooov o auTAV TNV Ieploxn N pouoka emunKLUVONKe, omwc SnAadn culntnOnke
yla To pnxaviopo down-ramp injection. Ztnv nepintwon tou NS 1 émou 1o neipapa
bev €xeL Ole€axBel akOpa, TO QVOPEVOUEVO EVEPYELOKO daopa daivetal va
mapouolalel apketd evlladépov. EmutAéov éva Paclkd TAEOVEKTNUA TIOU
kataypadetal otn BiBAloypadia yia tétowou eidoug mpodid sival n avénuévn
eMavaAnPLUoTNTA, TO OMOoI0 £ival ONUAVIIKO XOPAKTNELOTIKO Yl TN XPHon Twv
NAEKTpoViwv o€ ePpOapPUOYEC.

2Tn OUVEXELX TOPOUCLATOVTAL T TIELPAUATIKA anmoTEAEoUATA Ao tnv Wbla
Swataén yla t xprion tou akpoduciov 2 sEetalovtag €va eUPOG MIECEWV EL0OSOU
30 — 45 bar pe agplo N,. Katd tn Sie€aywyr) Tou MEPAUATOC N EVEPYELA TOU Aéllep
HETPAONKE UIKPOTEPN, OMOTE N péylotn évtaon ayyilet ta 5 108 W /cm?. H 8éoun
nAektpoviwv epdaviletal ywa mpwtn ¢opd mavw amd ta 30 bar, onwg eival
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avapevopevo adol UmApxel €va KatwdAl TUKVOTNTAC Yl TNV  €L00ywyn
nAektpoviwv oto unxaviopo LWFA, evw 6co aufdvetal n mieon, dpa Kot n
TIUKVOTNTA, N UECN UEYLOTN KOPECUEVN EVEPYELX TIEPTEL, VW TO POPTLO KaL N HEDN
HEYLOTN eVEpyela aufavovtal. Itnv ewkova 11 mapouoialovtal PECEC TIMEG TwV
peyeBwv autwv yla moManAd ¢acpata (8-12 pacpata ava nieon). EmutAéov, anod
ta 40 kot kupiwg ota 45 bar napatnpeitat to pavopevo tou beam loading, 6mou 0
doptio €ival TOOO HEYAAO TIOU TA NAEKTPOVIA XAVOUV TIAEOV TOL XOPOKTNPLOTLKA
popdng 6€ong Kal poldlouv MEPLOCOTEPO UE EVA CUVEXEC PEULAL.

v
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30 35 40 45
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Ewova 11: Méon Tt tou doptiov (mavw), PEyLoTNG evépyelag (MEon) Kal HEYLOTNG KOPECHUEVNG
evepyeLag (Katw) yo moAAammAd ¢AacuaTa O CUVAPTNON UE TNV TIiEan.

Avotuxwg otnv mepintwon autn &ev dievepyndnkav PIC mpocopolwoelg, SLotL n
xprion N2 ou cUVOEETAL UE TO UNXAVLIOMO ionization injection €lval UTTOAOYLOTIKA
oAU kootofopa. EmutAéov, pe Baon ta mpodiA MUKVOTNTAG OV UETPNONKAV UE
oupPBolopeTpla yla AQUTEC TIG OUVOAKEG KoL TA QMOTEAECUATA TWV TTAPOTIAVW
TIPOCOMOLWOEWV UTIOBETOUE OTL KAl €dw O pNXaviopog down-ramp injection €xet
naiéeL poAo otnv €icodo twv nAektpoviwv otn doun enttdyuvonc.

Neipapa tavtonoinong tng aktvoBoAiag BAtatpov

EmutAéov mapouoialetol £va melpapa  Tautomoinong tng BRtatpov
oktwofoAlag aktivwv ¥. H aktwvoPoAlo autr EKMEUMETAL TOUTOXpPOVA KOl
CUVYPOAUULKA PE TNV 6€0UN NAEKTPOVIWY TIOU TAPAYETAL UE TOV UnXaviopud LWFA
KaBwg ta nAeKTPOVIA HEoO 0T poUoKa TOAAQVTWVOVTOL EYKAPOLa 0Tn KatevuBuvaon
ToU AéLep KaL Otav autd aAAGlouv KateLBuvaon, eKEUTOUV GWTOVLIA OTNV TIEPLOXNA
TwWV oktivwv ¥. To amotéleopa slval pla SEOUN OKTIVWV X HE HIKPH YWVLOKN
anokAton. H 8éoun autn mapdyestal povo otav ol ouvOnkeg tou LWFA mAnpouvtal
Kal nAektpovia €xouv eloaxBel otn doun emtdyuvong. Emewdn n axtvoPolia
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Britatpov mapadyetal and pia oAU UIKpr TtepLoxn, €XEL peyaAo Babuo ocuudwviog
Kol o€ ouvbuaopd HE TNV TOAU HIKpy SLAPKELA TNG OTOKTA XOPAKTNPELOTIKA
EMBUUNTA YLa EPAPUOYEG OTNV ATIELKOVLON HLKPOOKOTILKWY SOUWV.

Tpononowwvrtag tTnv udlotdpevn Statagn yla Tnv avixveuon nAektpoviwv oto
IONA SlevepynOaUE TIELPAAT Yyl TN HEAETN QUTAG TNG akTtwvoBoAlag. Apxikd,
OlevepynOnKe HLOL TIPOKOTOPKTLK UEAETN TIPOKELEVOU VA TOUTOTOLCOUME Ta
XOPOAKTNPLOTIKA QUTAG tTNG S€0UNG KOL va ATIOKAE(OOUUE GAAOUG HNXOVLOUOUG
TIaPAywyng aktivwy X amo to mAdoua.

H peAétn avtr Sitevepyndnke pe tn xpnon Kat@AAnlwv ¢wtodiodwv. H
dlatagn yla tnv mopaywyn oKTtivwy X lval moapopola pe ekeivn yia LWFA pe
Slapopa otL tonoBeTBNKav dVo dwtodiodol kKatdAANAa PIATPAPLOUEVEG OO KAOE
aAAou eiboug aktvoBoAia péoa oto Balapo, n pa otnv B€on mou avapévovtal ol
OKTiveG ¥ TUTOU Brtatpov Kal n aAAn oe diddopec BEaelg alAd ion amootacn, eVvw
Ta anoteAéopata ou mapouotalovrtal edw eival yla kabeta og TNV mpwtn. To (evyog
HOYVNTWV TIAPEUEIVE WOTE VO EKTPEPEL TA NAEKTPOVIOL MOKPLA OO TNV EVEPYO
empavela tng pwtodlodou, opwg Sev uTApxe n SuvatdTNTA ATMEIKOVIONG TOU
$ACUATOG TOUC. 2€ TPWTN GACH LETPNOALE TO OHUATA TWV GWToSLOSWV auEavovtag
NV ntieon e1066ou otn BaABida pe to akpoduolo 2 anod 15 €wg 42 bar, evw To a€plo
nrav He.

ITnv €lkova 12 mapouolaletol To CUVOALKO orpa LETPNUEVO oTn dwTodiodo
kaBeta (mavw) kat otn katevBuvon Owddoong tou Aéwep (KATW). ZTNV TMPWIN
TEPUMTWON TO oA aveBaivel ypap KA LE TNV Tieon (Gpa Kal TNV MUKVOTNTA, EVW
otn Oeltepn to onua epdaviletal mpwtn ¢opa amd ta 30 bar kol MAVW,
napouotalovtag cupunepidopd katwdAiov 6mweg cupPaivel kat pe to LWFA.

ErumtAéov mpokelévou va eAEyEOUUE TNV KATEUOUVTIKOTNTA TWV PwTOoViwv
petafariape tnv B€on tng ‘MNyncg kat otnv elkova 13 avtiotolya mapouaotalovral
TO OUVOALIKA onpata otis duo pwtodldodouc. EPooov To TeEAeuTlO OTTIKO E0TIAONG
KaBwg kat n BaABida mou eAéyxel Tn por) Tou aepiou ATav TomoBstnuéva ot
pHNXavokivnteg PACELS TOU METAKIVOUVTOL HE akpifelo um, TIG UETAKIVAOCAUE
Loomnooa, mapdAAnAa, o€ anootacn HEXPL Kal 4 mm ekatépwOBev TNG apxLkAg BEonc.
Me auTO TOV TPOTO MAPATNPACAUE OTL N TO O KABeTA MapEUELVE 0TAOEPO, EVW
otnv KatevBuvon dladoaong £meoe HOALG ATTOUAKPUVONKE TTAvw ano 1 mm.
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Ewkova 12: ZuvoAwko onpa oth ¢wtodiodo kdbeta (mdvw) kat otn katevBuvon ladoong Tou Aéwlep
(kdtw) wg ouvaptnon TG ieong eloddou otn BaABida. Ztnv mMpwtn mepintwon to ofua avepaivet
YPOUULKA evw otn 6eUTepn Eekivael va epdaviletal ota 30 bar kal auAveTal pun YPaupLKA.

300
v
v v
y Y e e
P10 | A il y__-- v
v
v
10000 |—— ‘ v .
3 A
= p N
— 5000 - ’ N _
© , N
& A
z ’ A
@ A , --a
0 ! \ A - -4 , A A
-4 -3 -2 -1 0 1 2 3 4

Translation (mm)

Elkéva 13: ZuvoAko onua otn ¢wrtodiodo kabeta (mavw) Katl otn katevBuvon dtadoong Tou Aéllep
(kdtw) wg ouvaptnon tng B£0NnG TNG MNYAG. ZTNV MPWTN MEPLMTWON TO OO TTOPAUEVEL OTAOEPO EVW
otn 6eUTepn HETABANAETAL AITOTOUA VIO LETAKIVNON TNG TTINYNE TwV dwToviwy KaBeta otnv SlelBuvon
SLadoong tng aktwvoBoAiag BAhtatpov.

ATO TNV MPOKATAPKTIKN MEAETN TPOEKUYPE OTL N akTvoBoAia mou peTpABnke otnv
KateuBuvon mou avapevotav n aktvoBolia BAtatpov mapoucldlel pn ypPOopULKA
ocuuneplpopd wWC TPOG TNV TWUKVOTNTA, €VW E€lval Kal eilval KateuBuvTikn,
XOPOAKTNPLOTIKA TIou amodidovtal os aktivoBolia tumou Brtatpov. Avtibeta, otnv
dwtobiodo mou Bplokdtav KABETa, T orypata eMESELEQV YPAUULKI) LETABOAN HE TNV
niieon kaBwg kat 6 petafAndnkav pe tn petafolin g B€ong tng mnyng, dpa o
UNXOQVLIOUOG Ttapaywyng Toug eivat StadopeTikog.

Tuunepaopato
O unxaviopog LWFA Baociletal otn pun ypapukn aAAnAemnidpaocn tou Aéwlep

LE 0EPLO OTOXO yla TNV EMITAXUVON NAEKTPOVIWY O€ OXETIKIOTIKEG TAXUTNTEC KAL TNV
napaywyn oktivwv x tumou BAtatpov. H aAAnAenidpaocn efaptdtal amd ta
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XOPOAKTNPLOTLKA TOoU AELlEp Kal TO MPOdIA TNG MUKVOTNTACG TOU agpiou. Itnv datpln
oUTH MaPOoUCLAlETaL pLo LEAETN yla TO OXESLAOUO KAl TNV KATOOKEUN akpoduaiwy
TIOU TP AyouV TPOdIA KATAAANAQ yLOL TIELPAMOTA LLE TO CUYKEKPLUEVO UNXOAVIOUO. Ta
NPodIA TNG TUKVOTNTAC HETPONKAV KAl CUYKPLONKAV HE TG TTPOCOUOLWOELG KoL OTN
OUVEXELDL KATOLOL OnO OUTA xpnolpomolndnkav oe melpapata LWFA, omou
SlamiotwOnke OTL EMeTELXON O€ Eva PaBUo 0 EAEyXOC KATIOLWY XOPAKTNPLOTIKWY TWV
deopwv nAektpoviwv mou mapayovtat. O EAeyxog TNG TNYAS TwWV NAEKTPOVIWV lval
éva Kplowo Brua ywa tnv xpnon tng oe epappoyéC. EmumAéov, SlamotwOnke n
umapén 6£€ounG akTivwy X TUTIOU BATatpov.
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Chapter 1: Introduction

This dissertation explores the interaction between high-intensity laser pulses and
plasmas generated by gaseous targets, aiming at accelerating electrons via the LWFA
method and produce x-ray radiation. Experiments took place at the Zeus laser facility
at the Institute of Plasma Physics & Lasers (IPPL) of the Hellenic Mediterranean University
Centre of Research & Innovation. The laser pulses used have ultrashort duration
(to < 25 fs), near-infrared wavelength (1, = 0.8 um), up to 1.2 ] of energy, and
high repetition rates (up to 10 Hz). The plasma sources applied are from gaseous
targets, i.e. lie in the underdense plasma regime. With the high-repetition-rate
capability, optimization of certain parameters of the interaction including the nozzle
geometry, benefits for the development of a well-defined and stable electron source
for applications.

In this chapter, the background of such interactions is presented, as well as the
state-of-the-art works in this field, especially focusing on the role of the gas density
profile. In addition, the advantages of a LWFA relativistic electron source in comparison
to conventional accelerators and its potential applications are discussed.

1.1 BACKGROUND

When someone talks about lasers, any audience is thinking of several devices. Lasers
are simultaneously daily life objects, such as pointers or medical devices for regular
eye surgery, and also massive complex systems, enclosed in specially designed
buildings that support state-of-the-art research, such the most energetic laser in Europe
the Laser Mega Joule (LMJ) which delivers energy > 1 M] to its targets. The acronym
LASER stands for Light Amplification by Stimulated Emission of Radiation, a device first
built 60 years ago (Maiman T. H., 1960). The basic idea is that when a material, the
so-called gain medium (e.g., gas, liquid, crystal), is pumped by an external energy
source, its electrons are excited to higher energy levels for a very short time and then
decay back to their initial energy level, emitting a photon, carrying energy equal to
the difference of energy of the two energy levels. When early enough specific energy
photons seed the gain medium, stimulated emission happens, and photons from the
medium are emitted in the same direction as the seeded photons and present the same
characteristics (polarization, energy, and phase). Finally, the seeded light is amplified,
resulting in a temporally and spatially coherent light source. Based on the laser
operating principle, technology evolved rapidly and offered outstanding achievements,
while the term now is more generic. There are lasers of various wavelengths (up to x-
rays), pulse durations (down to attoseconds), beam energy (up to MJ), and operating
frequency (up to kHz), providing support in various scientific fields, laser-plasma
interactions being among them.

Plasma is the fourth state of matter, where ions coexist with electrons in a mixture
governed by electric and magnetic fields. Plasma is the most abundant state in the
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universe; for example, stars are plasma balls. The plasma state is not easy to preserve
on earth as, without the action of an external force, ions and electrons of the plasma
quickly recombine and result in neutral atoms. However, during a lightning strike, the
powerful electrical discharge creates plasma in the atmosphere, which emits the light
we observe. Also, if someone is lucky to travel and meet polar auroras, he will see the
light emitted because of the plasma, as solar plasma coming from the solar wind enters
the earth’s magnetosphere and excites or ionizes the atmosphere’s particles, which then
recombine and emit the light.

Given the abundance of plasma in the universe, there is a considerable interest
in comprehending and governing it. The finest art we want to learn from plasma studies
is fusion. The Sun is Earth's most trustworthy power supplier, providing a continuous
energy flow. The energy is produced by the fusion of light nuclei, such as H, He, and
their isotopes, a fuel easy to produce everywhere on earth, while the products of the
reactions are easy to handle (mostly He and neutrons). These two reasons make fusion
the most democratic and ecological solution at the same time.

In the laboratory, plasma is created for studies using, e.g., electrical discharge
devices, such as Plasma Focus (Auluck et al., 2021; Haines, 2011) or Plasma Z-Pinch
(Haines, 2011), but also via the interaction of matter with high-power lasers (C. Liv et
al.,, 2019). Plasma is extensively studied, by many groups worldwide, building a
community that had to adapt or develop the necessary experimental and theoretical
tools to interpret their results.

Last year was a milestone for laser-plasma physics and laser-driven fusion
groups, as a historical, scientific breakthrough was achieved. Many years after the
theoretical prediction for the laser-driven fusion scheme, the National Ignition Facility
(NIF) in the USA, after applying massive efforts in multidisciplinary fields, such as the
engineering of new lasers, the design, and construction of the interaction areq, the
targets, and the necessary diagnostics, based on laborious experimental campaigns
and theoretical studies along with numerical simulations, they succeeded for the first-
time net energy gain during the interaction (Atzeni et al., 2022).

Another fascinating result, which emerged from laser-plasma interaction, is
particle acceleration. From the year 2000, when three groups reported acceleration of
ions up to some tens of MeV (Clark et al.,, 2000; Maksimchuk et al., 2000; Snavely et
al.,, 2000) and then, ion and electron acceleration based on laser-plasma interaction
are successively breaking their high-energy records and improving their beam
characteristics. It's been more than a hundred years since particle accelerators! were
first built, and they have offered their services countless times in fundamental physics,
new technology, and applications. For a linear particle accelerator (LINAC), the basic
idea is to inject a particle beam in successive RadioFrequency (RF) cavities and, by
applying RF pulses, create ElectroMagnetic (EM) fields that accelerate the injected
beam. The accelerating fields, developed at each cavity, are limited by the cavity’s
materials breakdown limits to ~50 MeV /m. Thus, to achieve higher acceleration,
longer LINACs, composed of more and more RF cavities, are necessary, or circular
accelerators, where the particle beams circulate for multiple rounds, bent by huge

1 For description of the operation principle of LINACS and circular accelerators see:
https://en.wikipedia.org/wiki/Particle_accelerator
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magnetic fields. However, circular accelerators suffer from losses, as when the
relativistic charged particles are perpendicularly accelerated, emit light. This light is
known as synchrotron radiation, and although it is a deficiency for the circular
accelerator, as it is an energy loss for charged particles, on the other hand, it is also a
precious light source, useful in many experiments. Their contribution to particle physics
is unique and unnegotiable, and up to now, it has motivated whole-continent
collaboration projects with huge budgets, such as the Large Hadron Collider (LHC), the
most significant and most expensive device ever constructed.

This continuous evolution was not only based on the spirit of knowledge, as all the
intermediate steps have resulted in other great investments and achievements,
applicable in fields like medicine and industry. Particle therapy is one of the most
essential applications of LINACs, which are hosted in almost any peripheral hospital.
However, regarding the demands for ongoing research, the idea of creating an even
greater and more expensive device than LHC faces skepticism among scientists. In
Figure 1-1 left) a top view of the LHC area and a possible Future Circular Collider
(FCC) position is displayed (Https://Home.Cern/Science /Accelerators/Future-Circular-
Collider).

a Atterburmer
= LEPII ropoeed)
o stac .
TRISTAN

SLAGIUSC/
UCLA ()

Princeton-
Stanford RALAC
UCLALULI

Electron Energy Gain [MeV]
3

Data from:
- CMS picture archive
- Mori ef al 2001
-Katsouleas et al 2002
-Malka ef a/ 2002

1960 1970 1980 1990 2000 2010

Figure 1-1: left) LHC top view and a schematic map of a possible location for the next generation, the
so-called FCC (Https://Home.Cern/Science /Accelerators/Future-Circular-Collider). right)

The progress of particle accelerators over the years is known as the Livingston curve (Bingham et al.,
2004).

On the other hand, the size of laser-based particle accelerators is university-
scaled, and their cost is more affordable. Therefore, they are a good candidate for
medical applications, or as the first accelerator stage for a conventional particle
accelerator (Joshi et al., 2020). In Figure 1-1 right) the particle acceleration evolution
in terms of particle energy over time is displayed, a curve known as the Livingston curve
(Bingham et al., 2004). After the ‘90s, the Laser-Plasma Accelerators (LPA) entered the
game and have proven to be good competitors.

Chapter 1: Introduction 3



1.2 LWFA AND BETATRON RADIATION

The most well-known process for laser-induced-electron acceleration is called Laser
WakeField Acceleration. The LWFA concept was introduced theoretically in 1979 by
Tajima and Dawson (Tajima & Dawson, 1979) in a work that proposed two novel
processes for electron acceleration that would significantly reduce an accelerator’s
length, compared to conventional accelerators. The second process, also laser based,
will not be discussed here, as it is out of the scope of this dissertation. LWFA
experimental realization was only feasible once laser technology permitted. The
development of Ti: Sa lasers (Moulton, 1986) together with the Chirp Pulse Amplification
(CPA) technique (Strickland & Mourou, 1985) which was awarded the Physics Nobel
Prize in 2018, resulted in the development of high-power lasers. The basic idea of CPA
technique is to stretch the ultra-short pulse temporally, then amplify the stretched pulse,
while keeping its power below the damage threshold of the amplifier’s materials and
finally re-compress it to the fs level. LWFA was first realized in 2004 by three
independent groups, which achieved electron bunches with energies up to 100 MeV
(Geddes et al., 2004; Mangles et al., 2004; Faure et al.,2004).

In an LWFA experiment, a gaseous target interacts with an ultra-short, high-
intensity laser pulse, to accelerate electrons. As the laser pulse propagates through the
gas, electrons are expelled out of a region called a bubble, while ions remain stable.
Then electrons oscillate due to the space-charge force, forming an electron density
wave with strong longitudinal electric fields exceeding 100 GV /m. Electrons injected
from the rare side of the bubble are accelerated by the electric field at the laser
propagation direction to ultra-relativistic energies over distances thousands of times
shorter than in conventional particle accelerators. These electrons, when properly
injected, present beam-like properties.

During the last 19 years, many groups studied this process and various ideas and
techniques have been implemented, resulting in significant improvements in electron
beam properties. To name a few, electron energy has increased significantly over the
years (Leemans et al.,, 2006), especially after the appearance of PW lasers, with
today’s record at 8 GeV obtained by the group of (Gonsalves et al., 2019). In addition,
great improvements in beam characteristics, such as smaller charge, stable pointing,
energy, and energy spread fluctuations, are reported when the density value is closest
to the matching conditions (Mangles et al.,, 2007a). Higher beam pointing stability is
reported by improving laser contrast (Mangles et al.,, 2006), or by installing an
aperture transverse to the laser beam path, before the focusing optic (Nakanii et al.,
2023). Higher average current is achieved via kHz repetition rate with mJ lasers
(Gustas et al., 2018), and higher charge per shot (Couperus et al., 2017).

In 2004 the existence of an x-ray beam, resulting from the oscillation of the
relativistic electrons in the WakeField was also demonstrated experimentally (Rousse
et al., 2004). The x-ray beam is emitted at the laser and electron propagation
direction, so-called Betatron radiation. As a photon source, Betatron radiation presents
interesting characteristics, such as coherence, small angular divergence, and
directionality. Experimental studies have reported significant improvements in this field,
aiming to maximize the photon yield (Fourmaux et al,, 2017; Mishra et al.,, 2022;
Tomkus et al., 2020).
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1.2.1 Role of gas density in LWFA and Betatron Radiation experiments

From the conceptual description of LWFA, it is evident that the basic components of an
experiment are the high-power laser and the gaseous target. Globally, there are many
laser facilities hosting lasers of some to multi-TW power and fewer hosting PW class
lasers. LWFA is a kind of “resonant” process, as some matching conditions must be
fulfilled to optimize the laser interaction with the gas, as discussed in Chapter 3. For
multi-TW or PW lasers, the resonant conditions can be met by regulating the energy
of the laser pulse; however, when few TW are only available, usually the maximum
laser power must be exploited to accelerate electrons efficiently.
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Figure 1-2: Maximum electron beam energy achieved by multiple different experiments combined as a

function of a) laser power in TW, b) accelerator length in m and c) plasma density in cm™3. Adopted
from (Mangles, 2017).

Figure 1-2 combines the results of many LWFA experiments that took place in
various facilities from a review presentation (Mangles, 2017), providing an idea of its
scaling. According to Figure 1-2 a, one way to increase electron beam energy is by
increasing laser power. At the same time, the gas density profile is a way to control
and/or optimize the interaction (Figure 1-2 b & c). The accelerator length is related to
the gaseous target length, and the plasma density is associated with the gaseous target
density and composition. It is important to clarify that for the experimental points of
Figure 1-2 b) and c), apart from the accelerator’s length and plasma density, other
parameters, such as laser power or focal spot size differ for several of the points. The
connection between the gas density and the final electron beam energy, although
described by a single relation according to various theoretical or simulation models, is
highly complicated.

Figure 1-3: Electron energy spectrum and the simultaneously Betatron radiation profile, obtained with a
gas cell with adjustable length from 3 — 40 mm. Adopted from (Wood et al., 2017).
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In (Wood et al.,, 2017) a study of the resulting electron beam using an
adjustable-length gas cell as a gaseous target was presented. According to the
experimental results, a wide energy range electron source is created. Figure 1-3 shows
that while the length increases from 3 to 10 mm, the maximum electron energy
increases, providing numerous electrons with a small angular divergence. However, a
further increase of the gas cell length from 12 to 40 mm leads to a maximum electron
energy decrease and a higher angular divergence in lower energy electrons. Next to
the electron spectrum, the x-ray, Betatron beam profile is presented. A gradual
increase in the number of photons with the gas cell length is shown. However, the number
of photons is still growing at 12 mm and further, where the energy of electrons begins
to decrease. According to (Ferri et al., 2018) , the optimum conditions for LWFA and
Betatron radiation do not coincide.

Typically, the electrons resulting from LWFA experiments suffer from wide
energy spread and lack of pointing stability and reproducibility in terms of energy,
angular divergence, and charge per shot (Maier et al.,, 2020; Mangles et al., 2006,
2007). Contrary to conventional accelerators, in LWFA the accelerator is recreated for
each laser shot, transferring laser and gas fluctuations to the result. Also, the driving
laser properties change during a long-term experimental session. To improve the
stability and reproducibility of the process, multiple experimental implementations have
been tested. A general idea that must be introduced here is that the optimum conditions
for electron injection and electron acceleration via LWFA are different. High electron
density is preferred for efficiently injecting a populated electron bunch into the wake,
while the acceleration process is more efficient when the electron density is low (Golovin
et al.,, 2016).

Gas density profile can affect the LWFA in multiple ways. The neutral gas
density can be controlled by varying the backing pressure applied to the gas valve.
Electron beams produced by the interaction of a laser with a gas jet target were studied
by (Mangles et al.,, 2007). The gas used was He, while the pressure was varying,
producing a top hat electron density profile, 2 mm long, in a range e = 0.5 — 5 10*°
cm™3. This group stated that the reproducibility of the electron beam in terms of
charge, pointing, energy, and energy spread, were minimized at low densities, while
the electron production was only happening above a density threshold.

The length of the plasma channel can change by changing the gas jet diameter,
or the gas cell length, providing controllability over the accelerator’s length, as shown
in Figures 1-2 b) and 1-3. In (Huntington et al., 201 1) nozzles of various exit diameters
are examined at the same irradiation conditions. Although the energy initially increases
when the nozzle of 500 um exit diameter, is replaced by one of 1 mm, a further
increase in exit diameter up to 5 mm results in multiple electron beams, attributed to
filamentation, a non-linear phenomenon that will be explained in section 3.6.3.

The composition of the plasma can vary according to the gas, or gas mixture
used. Many groups explore also LWFA with multi-electron gas targets, namely high-Z
gases, or gas mixtures. In this case, an alternative injection mechanism is also taking
place, the ionization injection mechanism (Malka, 2012), explained in section 3.7.1. The
use of Ar gas in comparison to He, under the same irradiation conditions, produced
more stable, low energy and divergence electron beams (Mori et al., 2009). N2 and
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Ne, as also mixtures with a small percentage of high-Z gas with He have been studied
(Huang et al., 2016; S. Li et al., 2014; Pak et al., 2010). Typically, wide energy, high
charge electron beams are produced.
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Figure 1-4: (a) The transition injection mechanism, realized using a blade downstream the nozzle exit.
The density profile measured presents a peak that drops fast (Tsai et al., 2018). (b) The down-ramp
mechanism was realized using two nozzles. The density down-ramp created is long (Hansson et al., 2015).

Also, the nozzle'’s shape defines the uniformity of the gas jet profile, e.g., a
cylindrical nozzle provides a high-density, high-gradient gas jet, while a convergent-
divergent nozzle (De Laval) provides a more uniform one. Initially, uniform density
profiles were preferred according to (Malka et al., 2000; Semushin & Malka, 2001).
However, even before the experimental realization of LWFA, some groups based on
analytical calculations and Particle In Cell (PIC) simulations (Bulanov et al.,, 1998;
Hemker et al., 2002; Suk et al.,, 2001) proposed the use of gas targets with a
decreasing density at the laser propagation direction, followed by a low and constant
density area. In this way, the electron injection is forced to happen locally at the position
where the density drops from the peak value to a plateau, offering controllability. The
so-called down-ramp injection mechanism (Malka, 2012), which is introduced in more
detail in section 3.7.2, has been achieved with short or long ramp lengths, leading to
two sub-mechanisms, the density transition or shock injection, and the long down-
ramp. For the density transition injection mechanism, a high-gradient density followed
by a constant density is produced. This has been realized with the use of a blade
positioned downstream of the gas jet emanating from a nozzle, which creates a shock
front (Buck et al., 2013; Ekerfelt et al., 2017; Schmid et al., 2010; Thaury et al., 2015;
Tsai et al., 2018). These groups have studied electron beams resulting from using a gas
jet without any distortions and from the same gas jet when a blade intervenes in the
gas flow. Practically, the blade is positioned on a translation stage, permitting its motion
in different heights over the nozzle and along the nozzle propagation direction,
resulting in different nozzle coverages (Figure 1-4 (a)).

On the other hand, long down-ramps are realized using two consecutive gas
nozzles, which provide different gas density profiles that interfere. In (Hansson et al.,
2015), the second, smaller-diameter nozzle, exhausts perpendicularly to the regular
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nozzle (Figure 1-4 (b)). By varying the gas density of the second nozzle the electron
injection was controlled within a specific range, and by varying the distance between
the two nozzles, the acceleration distance was changed, resulting in electron energy
tunability. In (Golovin et al., 2015, 2016), two consecutive nozzles with different exit
diameters were used. The group examined various cases, such as exchanging the
position of the two nozzles, using different gas mixtures in each nozzle, and varying the
gas density separately. They state that independent controllability of the charge and
energy spread was achieved.

Experimentally, not only do the setups provide some tunability over electron
beam characteristics, but also the reproducibility, which depends on the injection
mechanism, is greatly enhanced (Hansson et al., 2015). This is why extensive PIC studies
have been conducted on how ramp characteristics (e.g., length, height, position) improve
the produced electron beams (Hue et al.,, 2022; Massimo et al., 2017). However, in
practice, the laser-gas interaction area in LWFA experiments is small, and the
additional equipment is hard to establish in some configurations. Also, complex and
expensive equipment (translation stages and/or extra valves) are required to control
the relative positions (Tomkus et al., 2020).

The injection along a density drop, however by using a parabolic density profile
was also examined via PIC simulations in refs. (Hafz et al.,, 2003; Kim et al., 2004). In
this case, the injection occurs along the ramp, however along the laser propagation axis
instead of a lower density plateau, an up-ramp follows, which could lead the electrons
faster in the de-acceleration phase. According to their results the electrons mainly
remained in the acceleration phase, thus the up-ramp of the parabolic profile was not
an obstacle. In this context, their idea was experimentally tested using a gas jet and a
secondary, machining laser beam. The machining beam arrived at the gas jet,
perpendicularly to the main laser propagation direction 1 to 2ns before the
interaction. Examining the gas profile at the main laser pulse propagation direction, the
machining beam creates an area of lower density, enclosed by two distinct density
peaks. Thus, along the first peak injection occurs and then acceleration of narrow energy
beams is reported (Faure et al., 2010), as also, by controlling the position of the lower
density area tuning of the electron energy was achieved (Brijesh et al., 2012).

Another elegant setup has been examined, providing up-ramp density profiles.
In this work, by simply tilting the gas jet, in a way that the density profile creates an
up-ramp at the laser propagation direction, the mean, and maximum energy increased
and improved tunability were achieved (Aniculaesei et al, 2019). According to
(Guillaume et al.,, 2015), following a similar idea they created an up-ramp by
positioning a blade at the end of the gas jet, this ramp caused the re-phashing of
electrons, and kept them longer in the accelerating field, providing higher energy
electrons.

In addition, (Ferri et al., 2018) proposed a two stage, hybrid scheme, to enhance
Betatron Radiation. The first stage consisted of a low-density gas jet (~10'8 cm™3),
used to optimize the electron beam characteristics via LWFA process. Then, the electron
beam is injected in a second, higher density gas jet (~10%° cm™3), where the electron
beam creates itself a wakefileld, a regime known as Particle WakeField Acceleration
(PWFA). In the second, denser plasma wake, the electrons oscillate with higher
amplitude, resulting to higher energy photons. The electron beam characteristics after
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this stage were inferior, but the photon source was improved in terms of photon energy
and total number.

According to (L. M. Chen et al., 2013), they succeeded a x10 enhancement of the
number of Betatron photons by using a clustering medium instead of a gaseous target.
Clusters formed under specific gas expansion conditions lead to areas of higher electron
density, where laser energy absorption is locally higher.

1.3 GAS DENSITY STUDIES ORIENTED IN LWFA

1.3.1 Design and characterization of nozzles

In LWFA experiments the interaction area is small, creating complications to the laser-
target alignment and installation of diagnostics. Although gas cells provide longer
acceleration lengths, in a low, controllable density environment, in many experimental
setups gas jets are preferred as they pose minimum limitations.

For these reasons, many groups have studied gas jets theoretically, and experimentally,
also by conducting CFD simulations of the gas flow by modifying backing pressure, gas
composition, and nozzle geometry (Couperus et al., 2016; Lemos et al., 2009; Q. S. Liu
et al., 2021; Lorenz et al., 2019; Malka et al., 2000; Semushin & Malka, 2001; Zhou
et al., 2021). In addition, there is a necessity to study the non-axisymmetric gas density
profiles, which have been used in LWFA experiments (Hansson et al., 2015)or PIC
simulations (Bulanov et al.,, 1998; Kim et al.,, 2004). Such density profiles are more
complicated to produce experimentally, model via CFD results, or even measure, as the
most common techniques, e.g., interferometry, takes advantage of the rotational
symmetry of the gas jet. In this paragraph, we will present the pioneering and most
important studies in the design, optimization, and measurements of such profiles. For
brevity reasons, we omit the density measurements accompanying almost every LWFA
experiment.

In the context of LPA, the group of (Malka et al., 2000) explored neutral Ar gas
density, using a Mach-Zehnder interferometer? for a wide range of backing pressures
for a cylindrical and a De Laval nozzle. One year later, based on their findings, they
extended their research by conducting CFD simulations to design and optimize uniform
gas density profiles, resulting from cylindrical and De Laval nozzles (Semushin & Malka,
2001). In this latter work, they proposed a simplified design for a De Laval nozzle,
where the convergent part is conical instead of parabolic.

The design of supersonic nozzles of a long exit diameter based on an “interactive
computer program” provided by (Atkinson & Smith, 1995) was examined by (Lemos
et al., 2009). In this program, fluid equations are solved using the Method of
Characteristics (MOC) over the area where thermal transfer and viscous effects can be
ignored (isentropic part), while a boundary layer is defined, where viscous effects are

2 Mach-Zehnder interferometer is an elegant setup, where a laser beam is split to two, which follow
different but equal optical paths, one of them crosses the studied object, while the reference one remains
undisturbed. Arriving simultaneously at a camera, the two beams interfere, and their phase difference
contains information related to various physical quantities
(https://physicsopenlab.org/2020/05/28 /mach-zehnder-interferometer/).
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considered. Following this approach, some nozzle designs were compared, and two
were experimentally characterized.

The difficulties in gas density measurement of axisymmetric and non-axisymmetric
nozzles were studied in (Landgraf et al, 2011). In the routine procedure for
axisymmetric nozzles, an interferometric image containing fringe shifts due to the gas
expansion is reconstructed via the Abel Inversion method to obtain the gas density (see
section 5.4). However, the nozzles, either by construction or by use, sometimes do not
deliver the symmetry assumed. Their work applies a tomographic reconstruction method,
where interferometric images under variable angles are obtained and analyzed
together, to highlight any asymmetries produced. Also, non-axisymmetric nozzles used
in LWFA experiments are characterized, using the latter method.

Another important work that highlights the inaccuracy of the assumption of
rotational symmetry and presents the characterization of a non-axisymmetric slit nozzle,
is the one conducted by (Couperus et al., 2016). In addition, they explore the influence
of the gas on the density profile. A common practice is to rely on high refractive index
gas, which facilitates the measurement to infer lower refractive index gases behavior
that are most used in the LWFA experiments. The different forms of density profiles
resulting from the same nozzle are presented for applying the same backing pressure
for Ar and He.

From the nozzle designing perspective, the most fundamental conducted by
(Schmid & Veisz, 201 2). In their publication, they present the behavior of supersonic De
Laval nozzles with exit diameter from some mm down to 150 um via CFD simulations,
and some interferometry measurements for validation. Studying various simulation
setups in ANSYS Fluent, their conclusions were afterward used by various groups in the
field (Henares et al., 2019; Lorenz et al., 2019). The influence of the nozzle geometry,
backing pressure, and boundary layer formation are extensively examined.

In (Lorenz et al.,, 2019), a multi-configuration nozzle specially designed and
constructed is studied via CFD simulations and tomography. The ability to change the
density profile by modifying the nozzle shape is discussed. In (Q. S. Liu et al., 2021), a
gas density characterization of four different geometry nozzles for five gasses
commonly used in LWFA experiments is conducted. In (Aniculaesei et al., 2019), a tilted
nozzle is used to provide an up-ramp density profile in LWFA experiments. The density
profiles have been simulated using ANSYS Fluent and measured via interferometry.

In addition, in (Zhou et al., 2021) they examine the effect of the curvature of the
divergent section of a CD nozzle (concave, straight and convex) on the shocks formed
in this part, and consequently on the density profiles downstream its exit. They reported
uniform gas profiles by optimizing straight and trumpet-like convergent geometries,
while bell-like geometry was reported to create high-density regions far from the
nozzle.

1.3.2 Design and characterization of other gaseous targets

In LWFA experimental setups, other types of gaseous targets have been also used and
studied. Although out of the scope of this thesis, we will include some studies for
completeness. In (Brandi et al,, 2016) they study the behavior of a gas cell by
measuring online gas density via second harmonic interferometry. The gas density was
adjusted by modifying the cell orifice diameter. In (Kononenko et al., 2016), transient
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CFD simulations were conducted for a two-stage gas cell of adjustable length. The first
stage of the cell acts as an electron injector, while the second one as an accelerator. By
tuning backing pressure of each stage separately, a transition-injection density profile
was created. In (Aniculaesei et al.,, 2018), a novel gas target design, the ‘SlitCell’,
which is a combination of a slit exhausting in a gas cell, was designed and optimized
via the conduction of CFD simulations. The ‘SlitCell’ has an adjustable length, and its
performance was characterized. In (Gonsalves et al,, 2011), the electron injector,
namely a nozzle releasing He, was attached exactly before the accelerator, namely a
capillary with one slit at each edge, permitting to fill the capillary with Hz. A discharge
current was applied to create plasma in the capillary.

1.3.3 Gas density studies for ion acceleration

Laser-induced ion acceleration was initially achieved using foils as targets (Clark et al.,
2000; Maksimchuk et al., 2000; Snavely et al., 2000). Despite the method’s efficiency,
a significant drawback is the necessity for target replacement, as the foil is sublimated.
However, this requires refocusing the laser beam to the new foil area, which is time-
consuming and prevents operation in high repetition. At the same time, the debris
created by the foil was polluting the vacuum chamber, and sophisticated optics were
damaged regularly. Nowadays, gaseous targets are extensively studied by many
groups (Prencipe et al.,, 2017). The gas target design for ion acceleration, although
shares standard methodology, serves a different scope, as ultra-high density, very small
diameter gas jets are preferred.

In (Sylla et al., 2012) they developed an apparatus that can operate safely and
reliably in high repetition with a backing pressure of up to 400 bar. A pneumatic
pressure booster was connected to a new technology electrovalve, delivering ultra-high
density, sub-millimetric gas jets. The time response and the peak density for different
geometry nozzles were measured. In (Henares et al.,, 2019), CFD simulations of a
specific nozzle design and strioscopy? measurements have been conducted for gases
H2 and N2 for a very wide range of pressures (1-1000 bar). Also, the system's time
evolution (gas valve with nozzle) was characterized. The specific system had already
accelerated ions up to 2 MeV. In (Rovige et al.,, 2021) the use of a symmetric shock
developed over a sub-millimetric nozzle as a target was proposed. Simulations via CFD
and experimental results agreed well, regarding the position of the shock. Also, the
idea of a non-axisymmetric nozzle was discussed.

1.4 LWFA AND BETATRON RADIATION POTENTIAL APPLICATIONS

Electrons accelerated by LWFA mechanism can potentially be utilized in any application
already supported by conventional accelerators, such as scientific research,
semiconductor manufacturing, or imaging. In particular, LWFA electrons have been

3 A flow visualization technique known also as Schlieren. The word “strioscopie” (strioscopy) is widely
used in French. (A. Hirschberg, “Schlieren and shadowgraph techniques: Visualizing phenomena in
transparent media: G.S. Settles (Springer-Verlag, Berlin, Germany, 2001),”, European Journal of
Mechanics B-fluids (2002)).

Chapter 1: Introduction 11



already used for diffraction imaging (He et al., 2013), and positron beams generation
(Sarri et al., 2017). A very interesting application, which is extensively studied, is the
use of LWFA electrons for cancer therapies. Up to now, such therapies are conducted
mainly by LINAGCs, providing few MeV electrons, which are established for example in
Greece, in peripheral basis. However, few Mel electrons deposit their energy in outer
layers and are not suitable for deep-seated tumor irradiation. The electron beams
produced via LWFA mechanism which are typically at the 100’s MeV range are
nowadays tested via simulations or phantoms, in the context of Very High Energy
Electrons (VHEE). The idea of using VHEE in therapies is that since the higher energy
beams due to relativistic effects experience reduced scattering, under specific
conditions of electron beam focusing this may enable irradiation of deep-seated tumors
(Kokurewicz et al., 2019). Another scheme is the so-called FLASH irradiation, where an
ultra-high dose must be delivered unfractionated, in the order of 40 Gy/s, a dose still
not available by current technology; however, LWFA which is very quickly developed,
is considered as a possible candidate. For this outstanding application, feasibility
studies are conducted (Labate et al., 2020).

The generation of gamma rays is also achieved when LWFA relativistic electrons
cross a high-Z material and, as they interact (usually with a metallic bulk), their velocity
changes emitting photons, known as Bremsstrahlung radiation (Lemos et al., 2017).
Bremsstrahlung Radiation produces high number, high energy photons, however non-
directional, so its performance as a photon source is limited. Also, LWFA is discussed as
a part of a hybrid scheme for electron acceleration, where the LWFA electron beam is
injected in a second gas jet, generating its own wakefield via the PWFA. This
combination is discussed to improve the resulting electron bunches with high charge and
low angular divergence (Hidding et al.,, 2019). Another popular hybrid scheme
proposes the injection of the relativistic electrons produced via LWFA to a conventional
accelerator, to reduce the size of the latter, or to an undulator4 for hard x-ray
production (Joshi et al., 2020; Malka V., 201 3).

Betatron x-rays are produced in a small area (~um), thus present high spatial
coherence. Their use as an imaging tool in LPA experiments is already established
(Wood et al., 2018). Another outstanding achievement is their use for tomographic
medical imaging, where a human bone was imaged with a resolution below 50 um
(Cole et al., 2015).

All the above applications are still under investigation, as an important problem
arising in all LWFA experimental campaigns is the reproducibility of the electron beam
characteristics. To resolve this issue, extensive long-lasting experiments have been
conducted, to quantify the reasons and design active stabilization tools (Maier et al.,
2020).

4 An undulator is a device consisting of consecutive magnetic dipoles used e.g. in Synchrotrons where
injected electrons are forced to oscillate and consequently irradiate collimated photons
(https://en.wikipedia.org/wiki/Undulator).
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1.5 HIGH POWER LASER EXPERIMENTS CONDUCTED IN IPPL

Institute of Plasma Physics and Lasers (IPPL) is one of the Innovation Centres of the
Hellenic Mediterranean University, a research facility in Rethymno which hosts the most
powerful laser in Greece, laser Zeus (section 5.1). IPPL opened in 2015, while this
research initiated in 2018, by participating in a series of high-power laser experiments
using laser Zeus. In 2018 we mainly conducted ion acceleration experiments, using foil
targets for ion acceleration (Clark et al,, 2021) via TNSA mechanism (Clark et al.,
2000).

Figure 1-5: (left) The use of the LWFA electron source to irradiate electronic board in collaboration with
Democritus University of Thrace; (right) A gel emulating human tissue constructed by the group of the
Medical School of Crete and the University Hospital of Crete. One of the containers was irradiated by
high-energy electrons (blurred one), and the other one was used as a reference one (Fitilis et al., 2022).

During the last years, at IPPL was developed an electron and Betatron x-ray
source (Clark et al., 2021). Research has been conducted on the creation, establishment,
and continuous improvement of the sources and related diagnostics. The ability to offer
a reliable, tunable high-energy electron or x-ray photon source has been examined in
many ways. The study of the ionization injection mechanism was examined (Grigoriadis
et al.,, 2021) using multi-electron gas targets. By changing the pulse temporal profile
using a saturable absorber, the reproducibility of the electron source was increased
(Grigoriadis et al., 2022). The influence of the variation of the chirp of the laser pulse,
to control electrons’ energy was also illustrated (Grigoriadis, Andrianaki, Tatarakis, et
al.,, 2023; Grigoriadis, Andrianaki, Tazes, et al., 2023).

In addition, the electron source was utilized to irradiate targets and study how
they were influenced. For example, in Figure 1-5 (left) an experiment conducted in
collaboration with the Democritus University of Trace is depicted. Their group has
developed an electronic board with a set of sensors for the European Space Agency.
Their product had to undergo special irradiation tests, as an emulation of cosmic
radiation that a sensor would receive on a space trip. Such tests usually take place in
the few synchrotron facilities existing worldwide, increasing their complexity (e.g. beam
time arrangement, complicated protocols) and cost (travel abroad, cost of the beam
time). The experiment was an investigation to see whether the IPPL facility could support
the conduction of the test. In this case, in order to emulate the cosmic radiation, an
overall high charge was required; thus, a high repetition, high-charge bunch was
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necessary, regardless of its energy (above a threshold permitting the electrons to cross
the board).

Also, the idea to use LWFA electrons instead of the electrons coming from LINACs
in radiotherapy, as discussed before, was tested via preliminary experiments
(Kokurewicz et al., 2019; Labate et al., 2020). In this context, in collaboration with the
Medical School of Crete and the University Hospital of Crete, specially manufactured
polymer dosimetry gels have been irradiated, having a specific chemical composition
that emulates human tissue. The corresponding results, using electrons resulting from the
irradiation of foils, are presented in (Fitilis et al., 2022).

1.6 MOTIVATION

During this work, | was fascinated by the ways that the gas density profile was
affecting the experiment. Initially, only one nozzle, Nozzle O was provided with the gas
valve. Due to its small diameter (800 um) the acceleration process resulted in a stable,
low-energy, semi-monoenergetic electron bunch, as discussed in section 7.1. lis
reproducibility was remarkable, however some tunability was needed. This tunability,
as already discussed, is partially offered by modifying gas density profiles.

The idea to test longer diameter gas jets was the first step, as according to
calculations the laser energy was not fully depleted along the existing nozzle (see
section 3.8). The gas target manufacturing via 3D printing, although was recently
implemented (D6pp et al., 2016; Vargas et al., 2014), was not a trivial task. 3D-priting
manufacturing technology for a special application requires some kind of expertise; as
for example in LPA, the high-vacuum and high laser power conditions are unsuitable for
many materials. Typically, targets are purchased from specialized companies, and their
commission takes a long time and is expensive. Moreover, the most common techniques
employed in target nozzle fabrication do not facilitate non-axisymmetric designs, which
may be of a great interest (DSpp et al.,, 2016; Prencipe et al., 2017).

In this context, we conducted a study on the design, the simulation of the gas flow,
the manufacturing of prototypes, the density profile characterization, and the use in
LWFA experiments of a set of axisymmetric nozzles. After the successful operation of
the first set, 3 non-axisymmetric nozzles were also produced. The design of non-
axisymmetric nozzles was aiming to the creation of a down-ramp density profile, by
just the use of one nozzle, omitting extra complexity provided by other setups (e.g.
second nozzle, blade over a nozzle, machining beam). As presented later, this profile
was successfully achieved. As already discussed in section 1.2.1, down-ramps are
reported to improve electron bunches controllability and reproducibility, properties
necessary for further use in potential applications.

Practically, a complete study would follow a workflow, which includes one more
essential step, the conduction of PIC simulations before prototyping. PIC simulations are
a key tool, which reveals information about the laser-gas interaction. This will be the
subject of further research, due to time-constraints. However, some of the most important
density profiles were used in PIC simulations by my colleague Anastasios Grigoriadis,
to provide some understanding of our experimental results.

14 Chapter 1: Introduction



1.7 THESIS OUTLINE

In Chapter 2 the theoretical background is presented, including gas behavior, the
state variables and their relations, the conservation laws, and the quasi 1D isentropic
model for a gas flow via a nozzle. Important 2D formations, resulting from a supersonic
flow via a nozzle, such as normal oblique shocks, are introduced. The full set of
equations necessary to calculate the flow properties, including viscous effects, is
presented. To solve the complicated, non-linear differential equations, numerical
methods are applied.

In Chapter 3 some basic relations, necessary to describe the LWFA mechanism
and the scaling of Betatron radiation, are presented. Specifically, the interaction of a
gas with the laser, the resulting plasma quantities, the waves formed in the plasma and
laser propagation effects in the plasma, are discussed. Other important mechanisms,
like electron injection and energy gain limitations, are presented. In addition, the scaling
of Betatron radiation is discussed.

In Chapter 4 the setup and results from the conducted CFD simulations are
presnted. A set of axisymmetric nozzles is examined. The ideal gas and real gas model
are used. The influence of backing and outlet pressure is examined.

In Chapter 5 the laser, its diagnostics, and the experimental setups, used to
perform the experiments, are discussed. The Nomarski interferometer, the method to
reconstruct the density via Abel Inversion and tomography and the basic equipment
necessary to conduct a LWFA experiment are presented.

In Chapter 6 the nozzles' evaluation study is presented. Some details for the
manufacturing procedure via 3D printing and the experimental measurements of
density profiles are illustrated. The experimental results are compared with CFD
simulations.

In Chapter 7 the results of the LWFA experiments for 3 different Nozzles are
discussed. The effect of the gas density profile to the electron beam characteristics, such
as the maximum energy and energy range, are presented. Additionally, some PIC
simulation results are presented. Furthermore, the behavior of the electron source by
conducting a backing pressure parametric study for gas N2 is examined.

In Chapter 8 the experiment conducted for the identification of Betatron radiation
is presented.

Finally, the conclusions and perspectives of this work are discussed.
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Chapter 2: Fluid dynamics for Compressible
flow

The term gas jet refers to the flow of gas released from a device such as a
nozzle, opening, or pipe. Typically, it involves the discharge of pressurized gas,
resulting in a concentrated, directional flow. To study the behaviour of a gas jet factors
such as the gas properties, nozzle design, and ambient conditions are crucial. When the
jet is released from a device at a pressure higher (smaller) than the ambient pressure,
then we have an under-expanded (over-expanded) flow (Franquet et al., 2015). Gas
jets are commonly used in various applications, including industrial processes, heating
and cooling systems, and propulsion systems. The importance of gas jets in aeronautics
caused their extensive study. During the last years their study became a hot topic also
in laser-matter interaction experiments, as discussed in section 1.3. In the context of this
work, modified De Laval-type nozzles with applied backing pressure exceeding
25 bar exhaust to a vacuum chamber. The free jet flow to the chamber is highly under-
expanded.

In this chapter, we discuss the theory and basic tools to study such a flow.
Important relations that are essential to the description of a gas as a system and of
compressible fluid flow are discussed. A quasi-1D simplified model for axisymmetric
nozzles that is used to achieve a good estimate for the density in the nozzle ignoring
2D effects is presented. Finally, the set of equations that must be solved to calculate
the density value at any position, including viscosity and thermal conductivity effects, is
presented.

2.1 IDEAL GAS EQUATION OF STATE

Gas properties macroscopically are investigated in terms of state variables, such as
temperature T (K), pressure p (Pa) and density p (m™3). State variables are
connected through a general category of equations known as equations of state. Any
state variable is a function of two others, e.g.,, T = T(p, p). For many gases the ideal
gas law is typically used, described by the relation:

pV = pRT 2.1

R
R = o (J/kg K) is the specific gas constant for a gas with molar mass M; where R =
L

N, kg = 8.31 (J/Kmol), is the gas constant, N, = 6.022 1023mol~! is the Avogadro
number and kg = 1.38 10723 J /K is the Boltzmann’s constant. The assumptions made
for the ideal gas approximation are that the gas particles have negligible volume and
equal size, and that intermolecular forces are negligible. In addition, any collision
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among particles is considered elastic, without energy loss. For noble gases and many
other gases under a wide range of conditions, these assumptions are justified.

2.2 ENERGY CONSERVATION LAW

If we consider an amount of gas in a container as a system, energy remains
constant either can be offered, or consumed by the system in exchange with the
environment. The quantity used to measure the energy content per unit mass of a gas is
called specific internal energy e;, (J/kg). Specific internal energy is defined as the
sum of the kinetic energy of particles and their potential energy (per unit mass) and is
a state variable. Especially for an ideal gas, where intermolecular forces are
negligible, and ignoring gravity, the specific internal energy is a function only of
temperature, e;, = €;,(T). Heat per unit mass (specific heat) q (//kg), is transferred
either from or to the gas system by interacting with another system with a different
temperature T'. Also, the work per unit mass (specific work) conducted by the gas due
to the gas pressure p by moving one of its walls with surface A, for a distance ds is
given by the relation:

pAds pdV 2.2

1
—=pdv=pd(—
pav=p (,0)

w =
m

where V (m3) is the volume, v is the specific volume and p (kg m~3) is the density. The
conservation of energy equation or the First Thermodynamic Law for a closed system
can be expressed per unit mass as:

dq = de;, + pd(%). 2.3

2.2.1 Important thermodynamic quantities

In thermodynamics, the most studied ways to transfer heat to a gas, are by
keeping the pressure constant, or by keeping the volume constant. This is why, specific

heat capacity with constant pressure, ¢, and specific heat capacity with constant

volume, ¢, (J/(kg K)), are defined for each gas, as the amount of heat, necessary to

raise the gas (of unitary mass) temperature by 1 K, or more precisely by the following

b=, (), -(2)
P \or/y v \er/, \ar/,

Also, specific enthalpy, h is defined as:

relations:

oh
h=e+2thus,cp:(—). 2.5
p oT p
Another important quantity is the adiabatic index, or specific heat capacity ratio k,
c 2+ .
k=2 ork=2L, 2.6
Cy f
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Relation 2.6 is connecting the adiabatic index to the equipartition theorem of kinetic
theory, as f stands for the total degrees of freedom of a molecule (e.g., f = 3 for
noble gasses which can only transfer, f = 5 for diatomic gasses like N2, which can also
rotate). Finally, from equation 2.5 and for an ideal gas the following relation results
(where the O subscript corresponds to the ideal gas):

CpodT:CvodT+RdT_)Cp0_Cvo:R. 27

2.3 SECOND THERMODYNAMIC LAW

Entropy is a state variable defined as:

8q
dsz(—J 2.8
T REV

where the subscript (REV) stands for a reversible procedure, while the (§) symbol is
used to define the differential of specific heat, which is not a state variable. Starting
from the First Thermodynamic Law, the first of the Gibbs’ Relations results as:

1
d d(=
e+p(y
—

From entropy’s definition (relation 2.8), results that a reversible and adiabatic process

ds = 2.9

(6q = 0) is an isentropic process (ds = 0). For a reversible adiabatic process of an
ideal gas (with constant values for specific heat capacities), we have:

pv* = C. 2.10

Thus, considering relation 2.10 the thermodynamic properties are connected via the
following set of relations (for a reversible adiabatic process of an ideal gas with
constant values for specific heat capacities):

K

P _ (L)

o = T, 2.11
(e -
P1 P1 U, 2.12

T 1

P2 V1 ( 2)"‘1
e _2_ (2= ] 2.13
pPr V2 T,

2.4 1D STEADY FLOW ALONG A TUBE

The steady flow between points 1 and 2 along a constant-surface tube, assuming
no external forces or viscous effects, can be described by the following conservation
laws(Anderson, 2003):

1 D steady Mass conservation: pP1Uq = PalUy 2.14
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1 D steady Momentum P+ pluf =p, + pzu% 2.15
conservation:
1 D steady Energy conservation: 1 1 2.16
2 2
where u denotes the velocity along x-axis. Since the actual distance of points 1 and 2
is not considered, this derivation is valid for both continuous and discontinuous variations
(for a distance tending to zero).

2.5 COMPRESSIBLE FLOW

One way to classify fluids, is compressibility. A flow is compressible when a fluid
experiences significant changes in density when subjected to large variations e.g., in
pressure.

a+da 2
p+dp
p+dp
T+dT

—1° T Q

Sound wave front

Figure 2-1: A sound wave with velocity o crosses a tube with gas density p.

Let us consider a sound wave moving with a velocity a along a tube full of gas
of density p, according to Figure 2-1. Sound waves are characterized as weak waves,
thus, assuming the wave to be stationary, the fluid velocity in region 1 moves towards
the wave with a velocity a, while the fluid of region 2 moves away with a velocity a +
da, where da is infinitesimal small velocity variation due to the sound wave. There is
also a variation in pressure, density, and temperature, symbolized as dp, dp and dT,
respectively. According to 2.14, in this case:

pa = pa+ adp + pda + dp da 2.17

where the second order term dp da is very small, thus ignored. Hence,

L da 2.18
= pdp .
Using 2.15,
p+pa?=(p+dp)+ (p+dp)(a+ da)?. 2.19
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By equalizing with zero the products of infinitesimal quantities and solving for the

velocity variation da, one obtains:

dp + a®dp 2.20

da =
* 2ap

By substituting 2.20 to 2.18:

[dp + azdpl
a=p|l————|

Solving for a2
a? = dp
dp 2.22

For an ideal gas, the speed of sound is expressed by:

’K
a= ?p=\/KRT. 2.23

Finally, the Mach number is defined as the ratio of the fluid velocity v to the

speed of sound in a medium, a:

v
M=— 2.24
a

To distinguish a gas flow as compressible, the gas density variation happening
due to a pressure change along the flow should be too large to be neglected. To
quantify that, a common convention is when Mach number of the flow is higher than 0.3.
When the flow is incompressible, the flow is described using continuity and momentum
conservation equations. However, when the flow is compressible, thus more complicated,
the energy conservation equation must be solved too.

2.6 QUASI-1D ISENTROPIC MODEL FOR A SUPERSONIC NOZZLE

When a gas flows through a nozzle of varying area 4, its molecules are deflected
by the walls. In an incompressible flow case, the gas density remains constant while the
velocity increases (for a convergent nozzle). However, as the speed of the flow v,
approaches the speed of sound in the gas a, compressibility effects become important.
Considering flow through a convergent-divergent nozzle, as shown in Figure 2-2, the
flow is gradually compressed as the nozzle area decreases and then gradually
expanded as the nozzle area increases. Considering also adiabatic walls (no heat
exchange through the walls), thus an isentropic process takes place. For this case, a
quasi-1D isenfropic model is discussed extensively in the bibliography as a
cour(Anderson, 2003; Zucker & Biblarz, 2002)n(Anderson, 2003; Zucker & Biblarz,
2002). According to this model equations 2.14 to 2.16 are replaced by the following
set:
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Quasi-1 D steady Mass d(pVA) =0 2.25
conservation:
Quasi-1 D steady Momentum dp = —pudu 2.26
conservation:

Quasi-1 D steady Energy dh+udu=0 2.27
conservation:

Based on 2.25-2.27 and the ideal gas equation of state, the following relations are

derived:

A 1 k41
¢ K — 2(k—1)
—=M[1+——WM?*-1 2.28
A +K+1( )
T Kk—1
I . M2y—1
To A+——M) 2.29
p k—1  _x
- = _— -1
oy~ Lt M) 2.30
P k—1 1
- = _— -1
oy (Lt M) 2.31
Po Pe
To Gas flow A, T.1 A,
Po

Figure 2-2: 1D isentropic model: A backing pressure reservoir with known initial conditions pg, Ty and p,
is given. The gas flows through a nozzle with a minimum cross-section A; (at the throat) and exhausts a

gas jet at the exit where the cross-section is A,.

They permit to calculate state variables p, T and p at any position with a varying cross-
section A along the inner area of the nozzle. The variables in equations 2.29-2.31are
expressed only as a function of Mach number M and their initial values p,, Tyand pg
at the reservoir. The initial values are also called stagnation parameters.

According to equation 2.28, known as the area-Mach number relation
(Anderson, 2003), Mach number at any location is calculated by considering the local
surface area A and the smallest surface area A, known as the throat of the nozzle. In
Figure 2-3 the ratio of the nozzle exit to the nozzle throat is plotted as a function of M
for noble and diatomic gases.
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Figure 2-3: Ratio of the nozzle exit to the nozzle throat as a function of M for noble and diatomic gasses.

At the nozzle throat, where A = A;, and M = 1 the flow is sonic, while at the divergent
part, the flow becomes supersonic (M > 1). According to this model, the Mach number
of a given geometry is only affected by the gas nature.

With the 1D isentropic model only values in the inner nozzle area are calculated.
Also, other essential effects are ignored.

2.7 SUPERSONIC FLOW CHARACTERISTIC FORMATIONS

According to (Anderson, 2003) supersonic flows are characterized by the
existence of normal or oblique shocks, expansion, and compression waves. For example,
in a tube, normal shock waves are formed when a disturbance is moving through a
compressible medium at a speed greater than the local speed of sound. This disturbance
creates a compression of the medium downstream, leading to an abrupt increase in
pressure, and a rarefaction or expansion behind it, expressed by a sudden decrease
in pressure. The significant change in pressure and other flow properties (e.g. density,
temperature) across the shock front creates a distinct boundary between the regions of
compressed and expanded medium and the process is no more isentropic. In case of a
normal shock, the 1D steady flow description is adequate, as the so-called Rankine-
Hugoniot equations are used to relate upstream and downstream variables, across the
shock:

Normal Shock- Mass p1(uy —a) = p(uy, —a) 2.32
conservation:
Normal Shock- Momentum P+ p1(ug — a)2 =py + pa(u; — a)2 2.33

conservation:

Normal Shock- Energy 2.34

h 1 Z=h 1 2
conservation: 1t E (y —a)*=hy + E (uz —a)

where a is the shock velocity, 1 is the position upstream and 2 downstream the shock,

while u; and u, are the uniform fluid velocities at each side, in the shock reference
frame (Laney, 1998)
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On the other hand, in a nozzle oblique shocks or expansion waves are happening
when the flow meets a change on the wall direction, which are inherently 2D effects.
When a concave corner is met, as in Figure 2-4 left, an oblique shock is formed. The
flow direction changes and becomes parallel to the concave boundary. The Mach
number decreases, and the density increases across the shock wave. If the shock is weak,
we refer to oblique wave, where the flow properties vary continuously.

Expansion waves arise when the corner is convex. In Figure 2-4 right an expansion
fan is formed, along which the direction of the flow changes according to the convex
boundary and Mach number increases, while density decreases. Expansion waves are
related to smooth variation flow properties and obey isentropic relations. When the
corner is sharp and the expansion fan is centered (as in Figure 2-4) the expansion
waves are also called Prandtl-Meyer waves, named after Prandtl and his student
Meyer who worked on the theory of such waves.

Oblique Shock front Expansionfan

M,>1

M,>1 PP \vsMmy
P2<py

T,<T,

R

Figure 2-4 Sketch of a flow across an oblique shock and an expansion fan.

In addition, a contact discontinuity can be formed, known as slip line or slip surface
in multidimensional flows. In the 1D case, normal velocity and pressure are continuous
across the discontinvity (u; = u, and p; = py), however energy, density and
temperature may increase or decrease. The fluid can’t cross such a discontinuity,
however it moves with the fluid. Contact discontinuity separates areas with different
entropy and their appearance originate either to the initial conditions, or to the
intersection of 2 shocks (Laney, 1998).

Nozzle Free Jet
Expansion Boundary Compression Expansion

Fan Fan Oblique Fan

Shock Mach

High
Pressure
Reservoir

Flow Turns Flow Turns

- Outward Inward Flow Turns
Underexpanded: Flow Turns Outward Flow Turns

P >P, Parallel Parallel

Figure 2-5: Flow structures due to high-pressure exhaust of a gas with exit pressure P, in a chamber with

lower pressure P,.Figure adopted from: (Https: / /Aerospaceweb.Org).
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To stress the complexity of a flow via a nozzle in Figure 2-5 a sketch for an
under-expanded flow is presented. Multiple formations, such as expansion waves which
are reflected and turning inwards forming compression waves due to the pressure
difference at the free jet boundary are highlighted. Such formations are well described
and experimentally captured in an extensive study conducted by NASA Langley
Research Center (Inman et al.,, 2009; Wilkes et al., 2005, 2006)

Moreover, across the shocks high temperature gradients are developed and
thermal conduction becomes important. The flow along the nozzle’s inner area is also
affected by turbulence effects, developed mainly along the walls (Schmid, 2009). To
capture such flow structures, which finally define the gas density profiles obtained by
the designed nozzles, the solution of the governing system equations, containing the
respective terms is necessary over a volume area.

2.8 A GENERAL FORM OF CONSERVATION EQUATIONS

We have already seen the sets of equations 2.14-2.16, 2.25-2.27 and 2.32-
2.34 which express simplified editions of the general forms of the conservation
equations in an 1D and quasi-1D approximation and across a normal shock (1D). Here,
some of the most important equations in fluid dynamics, the well-known Navier-Stokes
equations, formulated by Claude-Louis Navier and George Gabriel Stokes are
discussed. This set of partial differential equations allows for the calculation of fluid
behavior based on initial conditions and boundary conditions ((Zucker & Biblarz,
2002)). Literally speaking, only one of them, the momentum conservation equation is
formulated from Navier and Stokes, however in modern literature all together they are
frequently referred as the complete set of Navier-Stokes equations.

Continuity equation

Flow lines

<
S

Control Surface

Figure 2-6: Flow lines along a conceptual volume, the control volume, fixed in space, surrounded by the

control surface.

The continuity equation is given in differential form as:

dp
4 V-ov=0 2.35
T +V-pv

where, as already introduced, p is the fluid density, v is its velocity vector, and t is
time. This equation, when solved for a fixed Control Volume (CV), namely a conceptual
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volume related to a geometry studied, states that the rate of increase of density at this
volume and the rate of mass flux passing through the Control Surface (CS) surrounding
the control volume, are conserved per unit volume.

Momentum equation
The momentum equation for a Newtonian fluid is:

d(pv) _ 2.36
e +v-V(pv) =-Vp+V-7T

= 1
Tij :Z[l [611_571761] 2.37

here T is the viscous stress tensor, i the dynamic viscosity of a Newtonian fluid, €;j the
strain rate tensor and §;; is the Kronecker delta. A fluid is characterized as Newtonian

when the dynamic viscosity i doesn’t depend on the velocity or stress state of the fluid,
rather than its temperature and pressure. Most low-Z gases and common liquids, such
as water, are approximated as Newtonian ones.

Equation 2.36 is the equivalent of Newton’s 2" Law for fluid flow. It states that
the rate of change of momentum equals the sum of forces acting on the fluid contained
inside the Control Volume (per unit volume). The pressure gradient term is dominant for
a highly under-expanded flow, such as the one resulting from the nozzle expansion in
our case. The inclusion of viscosity in the Navier-Stokes equations allows for the
modeling of flows that exhibit internal friction and viscous effects, which can be
significant, especially at the nozzle walls. The gravity term is not important in a nozzle
design problem, so practically is omitted.

Energy equation

The energy equation (First Thermodynamic Law) in conservation form is given as:

d(pe _
%+ V-[v(pe; +p)] =V [k VT + (T-v)] 2.38
where e, = e;, + 1?/2, is the total internal energy of the gas per unit mass. In this
case, the pressure term represents the work done by pressure forces on the fluid, k is
its thermal conductivity and the related term accounts for the heat conduction within the
fluid, and the viscosity term is again expressed for a Newtonian fluid.

2.9 NUMERICAL METHODS

The full set of equations describe a fluid flow are coupled nonlinear differential
equations, and their analytical solution is possible only for simplified cases. To close the
system and exclude non-physical solutions a state equation and the Second
Thermodynamic Law are also used. The solutions for complicated flows, such as the
problem examined in this dissertation, are approximated via numerical simulations,

where the equations are discretized and the corresponding algebraic system is solved

26 Chapter 2: Fluid dynamics for Compressible flow



at specific locations of a computational mesh, following well established schemes, such
as the Finite Volume Method (FVM) (Laney, 1998).

In Chapter 4, the flow via a nozzle is studied using ANSYS Fluent, a well-
established CFD commercial solver. In Fluent, FVM is applied, where the conservation
form of the governing equations is used. The variables selected according to the terms
contributing to the model, are calculated at the centroids of the cells (cell-centered
discretization scheme), which must be sufficiently small to capture flow characteristics.
To accurately simulate a specific physical problem, iterative algorithms are used to
arrive in a converged solution. CFD simulations are computationally expensive; this is
why, weather the geometry of the problem allows for simplifications, symmetry is
considered.

CFD simulations are ideal under the continuum approximation, which ensures
that the studied properties vary continuously. This is quantified by a dimensionless

A .
parameter, known as Knudsen number, K,, = IZF, where Ay is the mean free path of

a gas molecule and L a characteristic length of the flow, such as the nozzle exit radius.
According to our calculations, the continuum assumption is valid for the range of

pressures simulated here, as K, < 1.

Chapter 2: Fluid dynamics for Compressible flow 27



Chapter 3: LWFA theory

In LWFA an ultrafast (~25 fs) and ultra-intense (I>10'8 W/cm?) laser pulse is
interacting with a gas to accelerate electrons. The dynamic evolution of the process is
non-linear, thus highly complicated. In this chapter, phenomena related to the pulse
characteristics and the plasma formed, necessary to describe the process and their
relations are presented. Also, various electron injection mechanisms and laser
propagation effects in plasma, as also acceleration limitations are discussed. Finally,
Betatron radiation scaling relations are introduced.

3.1 A GAUSSIAN LASER PULSE IN A VACUUM AND IMPORTANT LASER
QUANTITIES

A laser pulse in LWFA experiments is approximated by a Gaussian function in
space and time (bi-Gaussian). The electric field E, of a bi-Gaussian pulse propagating
in z axis is given by the following relation (Milonni & Eberley, 1988):

E(r,z,t) = %exp [— WZZZ)] exp [— (t_fgc)z] cos {[wot — koz — »

7"2
ko RD + 1,[)g (Z)] e_]_}+ c.c.
where Ej is the electric field amplitude, w(z) is the width of the beam at position z,

z
w(z) =wp |1+ (Z—)2 3.2
R

and wy is the beam waist, namely the smallest value of beam radius at the focus (z =
0), while zz = (Twé) /A, is the Rayleigh length, representing the position at which the
transverse area of the pulse is doubled, 4, is the wavelength of the pulse, ¢ =

3 X 108 m/s is the speed of light in vacuum, 7, is the pulse duration at Full Width at

Half Maximum (FWHM), k, and w, are the wavenumber k, = 27T//locmd the angular

frequency wg = cky. Also, R(z) is the radius of curvature of the wavefront and
Yg4(z) = arctan (Z/ZR) is the Gouy phase shift of the pulse. Finally, e, is the unit vector

of the polarization direction (e, = e, for a linearly polarized wave).
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Figure 3-1: The spatial evolution of a Gaussian pulse at focus. The beam waist wy and the Rayleigh

length zg; are highlighted.

Electric E and magnetic B fields are often expressed as a combination of a vector
potential A and a scalar potential @. Following the approach of (Cros, 2014) for VA =
0, a choice for the vector potential known as Coulomb gauge according to gauge

invariance theory (Jackson & Okun, 2001)) E and B are given by:

0A
E=-Vo—— 3.3
ot

B=VXxXA 3.4

In a vacuum @ = 0, thus both fields depend only on A.
To deal with the laser-plasma interaction, some related quantities are introduced.

The laser normalized peak vector potential a is defined by the relation:

an = er _ eEO 3.5
0 mecC meCwy

where e and m, are electron charge and mass respectively. The laser intensity I, is
defined as the averaged Pointing vector §, over a cycle:
cgo|E|? 3.6
I, =<S>=cst<ExB>=%
where g5 = 8.85 * 10712 F/m, the vacuum permittivity. The measurable laser pulse
quantities are Ty, Wy and the mean pulse energy &;. Thus, for a Gaussian pulse the

laser power P; is calculated as:

n2€&, &

PL = 37
T Ty To
while the peak laser intensity is given as:
P 3.8
IO = 2 LZ.
W)
Then, by substituting 3.6 for peak laser intensity to 3.5 and for wy = 2”//10
2 1018w
ay = |[=————=A31, = 0.861,[um] |I . 3.9
0 2m2egmacs olo olum] o[ om2 l

Practically, for a laser like Zeus (1o = 0.8 um), with &, = 1] and 75 = 25 fs
the power is P, = 40 TW. Given a measured beam waist wy = 15 um its intensity is
calculated as Iy = 1.2 X 10° W /cm?, and a, = 2.35.
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When such an ultra-intense laser interacts with a gaseous target, e.g., a He gas-
jet, the gas becomes ionized. Even the intensity of the leading edge of the laser pulse
exceeds the threshold intensity demanded to ionize both electrons of He atom, which,
according to (Fill, 1994), is equal to I, = 6 X 101> W/cm?. Therefore, when the main
pulse arrives interacts with a He-plasma; this is why in the following section the electron
motion in a laser field will be discussed.

3.2 SINGLE ELECTRON MOTION IN THE LASER FIELD

When the laser meets a relativistic electron, the electron momentum P is given by
the relation:

P=ym,V 3.10

where V is the electron velocity, y = (1 — ﬂz)_1/2 is the Lorentz factor, and § = V/C
is the normalized electron’s velocity. The electron motion is described by the Lorentz
force equation:

dpP 3.11

E=_6(E+VXB).

Following a plane wave approximation for the laser field which propagates along z-
axis and the electric field oscillates on the x-axis (B-field along y-axis) then:

E(z) = E, cos(kyz — wyt) e,. 3.12
. . _Ep
And, by using equation 3.3, for Ay = /(UO"
A(z) = Ay sin(kyz — wyt) e,. 3.13

The magnetic field is connected to the electric field via the relation |B| = |E|/c. In the
non-relativistic regime, where § << 1 the magnetic field term in equation 3.11 can be
ommited, thus:

dP d(Ay sin(kyz — wpt) e, 3.14

— =—eE=—e .

dt Jt

Dividing by cm, and substituting by equation 3.5, and for an electron with zero initial

velocity at z = 0 3.14 becomes:
B = —aysin(wyt) 3.15

According to equation 3.15, the resulting electron motion is an oscillation, due to the
electric field, without moving forward. When ag = 1 then the V X B term can no longer

be ignored, as electrons’ oscillation velocity approaches ¢, and electron trajectories
become (Gibbon, 2005):

a
Xe = —700 cos(kyé) 3.16
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ag : 3.17
Ze =g [2ky& — sin(2ky$)].
0
In equations 3.16 and 3.17 ¢ is given by & = z — ct, defined as the position of an
observer travelling with the velocity of the laser pulse. Relation 3.17 indicates that the
electron oscillates twice at the laser frequency, but also moves forward in the
longitudinal direction. In relations 3.16 and 3.17 the motion scales with a, and a?
respectively, thus for ag > 1 longitudinal motion becomes much higher than the

transverse motion.

5 5
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Figure 3-2: Electron relativistic trajectories in the laser field in the laser frame (left) and in the laboratory
frame for ag = 1 and a, = 4.

According to this analysis, when the electron is in the relativistic regime, it moves forward
along the laser propagation direction, however there is no energy gain from the laser.
Practically, the laser plane wave approximation is not valid in LWFA experiments,
where the laser is tightly focused, thus it strongly varies in the transverse plane.

3.3 PROPAGATION OF EM WAVES IN A PLASMA

From plasma theory, it is known that dispersion relation of an EM wave with

frequency wg in a plasma is given by the relation (F. F. Chen, 1983):

w§ = wj + ck? 3.18

where w,, is a characteristic frequency, the plasma frequency, denoting the oscillation

frequency of the electrons around an equilibrium position, in a plasma with density n,:

2
Ne® 3.19

w, = .
b Mmeéy

If wo>w, the wavenumber k is a real number, and the wave propagates into the
plasma. On the contrary, when wo<wp, k is imaginary, and the wave can no longer
propagate. The density at which a laser meets the limit wo=w,, is called the critical

density and is calculated by the following relation:
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wim,e 1.12 3.20
mel10%em™] = =5 =
0

Plasma is called underdense (overdense) when n,<n, (ne>np). For a laser like Zeus

(10=0.8 um) the critical density is n, = 1.75 X 10?1cm™3. In an overdense plasma the
laser light is reflected.

LWFA takes place in the underdense regime, where after the laser propagation,
plasma waves are formed. Based on equation 3.18, the phase and group velocity of
an EM field in the plasma are calculated:

Wy w3
uph=7= C2+F 321
w =3 _ __
g ax w2/ 3.22
24 p/kz

The plasma phase velocity is equal to its driver’s velocity, namely the laser group

u e, - 3.23
sz g/C= 1_ne/nccmd)/p=\j1;_lgz:\/::e
—Pp

where Bp is the normalized phase velocity and ¥, is the Lorentz factor of the plasma

velocity thus:

wave. Practically, a lower electron density causes a higher plasma phase velocity and
relativistic factor. In addition, the refractive index of a plasma is defined as a function
of plasma density, by utilizing 3.21:

L P 3.24
T Uph g .

3.4 PLASMA WAVES

The ponderomotive force is related to the second-order electron motion
averaged over one optical laser cycle. For an electron, the 3D ponderomotive force
can be expressed as (Kruer, 2003):

o a7 Lo ag 3.25
F, =—m.c V(;) = —m,cC V?.
Due to the ponderomotive force, plasma waves are formed. Practically, according to
equation 3.25, charged particles are driven out from the high laser intensity region.
However, ions that are significantly heavier than electrons respond slower, and their
motion is neglected for this analysis. In LWFA, the longitudinal electric field is generated
by the periodic distribution of the electrons that oscillate behind the laser pulse. When
the plasma frequency is significantly smaller than the laser frequency, the plasma phase
velocity is comparable to the laser group velocity in the medium, and the plasma wave
is called relativistic. The relativistic plasma wave, or WakeField, plays a crucial role in
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the acceleration of electrons. Its oscillation length, known as the plasma wavelength, is

calculated in practical units by the relation:

Ap[um] = 33 x (ne[lolgcm_3])_1/2

and the amplitude of the longitudinal accelerating field in practical units is:

Ep[GeV/m] & 96 X (n,[10'8cm~3]) /2

on,

e

which maximizes for maximum density perturbation 6n,.

3.5 LWFA REGIMES

3.26

3.27

The basic parameters, which define electron acceleration, are the laser

characteristics and plasma properties. The normalized peak vector potential is the

parameter used to distinguish the LWFA regimes. The regimes describe the wave

formation and further electron acceleration process by using different models. Mainly

3 regimes are widely used. The linear regime describes the acceleration for ay < 1 via

a 1D linear wakefield approximation (Dawson, 1959), the 1D non-linear regime for
ap =1 (Akhiezer & Polovin, 1956), and 3D non-linear regime for ay > 2 (Lu et al.,
2007). The details of 1D models will not be discussed here, however the peak electric

field derived by each one of them is given as:

MeCwy,
Emax,linear = o

__ MmeCoyp
Emax,lD,non—linear - o vV Z(Yp - 1)'

3.5.1 The Bubble regime

electrons

HENUERTELE

laser pulse

——

3.28

3.29

Figure 3-3: Behind the laser pulse a bubble, void from electrons is formed. Electrons are injected from its

rear side and accelerated. Adopted by (Malka, 201 3).

The Bubble regime is well-known and is based on 3D PIC studies (Lu et al., 2007;
Pukhov & Meyer-ter-Vehn, 2002). When the ponderomotive force is high enough to
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evacuate all plasma electrons from the laser path, the structure formed resembles to a
bubble. According to (Lu et al., 2007), the bubble size can be estimated by equalizing
the laser ponderomotive force to the plasma bubble Lorentz force, thus:

A Qo 3.30
p = Zk—
14
After a plasma wavelength the electrons are pulled back, forming a density spike
when they cross the propagation axis. At the location of the highest accelerating field,
the wave breaks (wavebreaking) and electrons are injected into the bubble. For
optimum bubble formation, efficient electron injection, and subsequent acceleration the

laser characteristics and plasma wavenumber must fulfill a matching condition:

€Ty < Wy and wy = 17y, 3.31

Under this condition, a perfect bubble is formed. When the laser is not strong enough
to create a perfect bubble, self-focusing and self-compression of the pulse along
propagation may help to fulfill the conditions. According to this model, electrons injected
to the bubble, gain energy, given by the relation:

2 1/ 2 3.32
2 Wy P 3 mg\/3
st (2 - 1) )
7 MeC (oop> Ay =~ meC — o
and in practical units
JETCel] = 1.7 (P[TW]>1/3 1018 \'73 (0.8)4/3 233
[Gev] =1. 100 ne[cm=3] Ao '
while the charge is given as
Alum] |P[TW) 334
Q(nC) =0.4

0.8 100 °

3.6 LASER MODULATION IN A PLASMA

As plasma density is modified by the plasma wave excitation, the laser pulse is
consequently modified. For ay = 1, some significant propagation effects arise, e.g.,
self-focusing and self-compression, which correspond to changes in the transverse size
and duration of the laser pulse respectively and play an important role. Another
remarkable effect is laser filamentation.

3.6.1 Self-focusing

When electrons are subjected to strong laser fields, they acquire relativistic
energies. This is why the relativistic factor y(r) must be considered to modify the plasma
density. For an underdense plasma of a uniform density 1.y, and a plasma wave with
a large amplitude the plasma density is given by:

) Wpo Me(T) 3.35
WA(r) = 222
)/(T') Neo
by replacing 3.35 to 3.24 we have:
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_ 1 n.(r) 3.36
) ~1- E]/(T')Tlcl

Thus, refractive index is modified by the density distribution and the relativistic factor.

According to (Esarey et al., 2009) the refractive index for a weakly relativistic case is
given by the relation:

wp a’> An, 6n, 3.37

L 1-=+
ng( 2 ng no)

n(r)=1-

2 _— Lo An .
where the term ¢ /2 corresponds to the relativistic laser guiding, e/no is the term

. on .
related to the preformed plasma channel along the radius, and e/no is the term

related to the plasma wave guiding. Practically, plasma focuses the gaussian laser
beam along the propagation axis, acting as a convex lens. There is a critical power
above which self-focusing is happening (Mangles et al., 2012):

2,.5,,2 2
P. = 8megmecwp _ 17% [GW]. 3.38
P

2
elwg
For Zeus interacting with a plasma with density 1,0 = 5 1038cm™3 the critical power

is almost 6 TW, far beyond laser Zeus power.
3.6.2 Self-compression

The modulations in the density and consequently in the refractive index
responsible for self-focusing are also happening longitudinally. The locally varying
group velocity along the laser pulse propagation axis can cause a compression of the
pulse, together with the generation of new frequencies in the laser spectrum, a
phenomenon known as self-phase modulation (Gordon et al., 2003). Self-focusing and
self-compression may be useful when the initial laser pulse intensity is too low to
resonantly drive a wakefield.

3.6.3 Filamentation

A phenomenon called filamentation of the laser beam occurs when the focal
length is too short, so that wy < /1p (Thomas et al., 2007), or when imperfections of the
laser beam exist (Andreev et al., 2007). In this case the beam is broken into smaller
beamlets, which drive smaller plasma waves on both sides of the laser beam. The
adjacent structures may contain high power, able to drive additional wakefields. Also,
injection is possible in the main and at the additional accelerating structures; however
lower peak energy and higher energy spread of the accelerated electrons is expected,

as self-guiding length may be shortened due to the laser power spread (P < Pg).

3.7 WAVEBREAKING AND ELECTRON INJECTION

As already discussed, electric fields in LWFA experiments can achieve great values in
the order of GV /m. As the electric field increases, there is a limit, known as the wave-
breaking, which takes place when the electron oscillation amplitude is so large that they
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can escape the collective motion. According to (Kostyukov et al., 2009) the electron self-
injection happens when the wave breaks, namely electrons are trapped in the wake
and accelerated. Electron trapping in the accelerating field happens only if their
velocity approaches the phase velocity of the wave. According to (Mangles et al.,
2012) to obtain self-injection for a given density, the power aP contained within the
FWHM of the beam spot is calculated by the following condition:
aP 1 2n, 3 3.39
7 =16 Ga) 1
Self-injection is a simple and efficient method to inject electrons in the bubble.

However, self-injection can last up to the point that the space-charge fields created by
the trapped electrons deform the accelerating structure, resulting to wide energy and
angular divergence electron beams (Couperus et al.,, 2017), an effect well known as
beam loading.

Finally, the injection process determines the electron beam characteristics (energy,
energy spread, angular divergence). Also, from an experimental point of view, fulfilling
the matching conditions is not always the case. This is why other injection methods have
been established (Faure, 2014). During an experiment, various injection mechanisms
may take place simultaneously.

3.7.1 lonization injection

Usually in LWFA experiments the gas target used is a low Z gas (He or H»). In this
case, due to the small ionization potential of their electrons, the gas is already fully
ionized by the leading edge of the pulse. Thus, the peak of the laser pulse will later
interact with the preformed plasma and self-injection will occur. Although, when a high-
Z gas is used, the intensity at the leading edge of the pulse might not be adequate for
the ionization of the inner shell electrons of the gas. Some (or all, depending on their
ionization potential) inner shell electrons will be ionized later, by the higher intensity of
the peak of the laser pulse. Practically, these electrons become free inside any position
of the plasma bubble formed by the outer electrons and accelerated. This mechanism
is known as ionization injection. Many experiments have been conducted using various
gases and gas mixtures (McGuffey et al.,, 2010; Mirzaie et al.,, 2015). However,
electron beams created based on this mechanism provide high number of electrons but
at the same time they suffer from wide energy spread (Grigoriadis et al.,, 2021).
Practically, ionization injection takes place all over the bubble, providing electrons
travelling for different acceleration lengths, thus gaining different amounts of energy.

3.7.2 Injection in a density down-ramp

As discussed in the Introduction, the use of a tailored density profile, with a high-
density region followed by a density drop, the so-called down-ramp, is a well-
established mechanism, which can provoke localized injection at the density drop
region. When a lower-density plateau region follows the down-ramp region, then
acceleration is also optimized. In (Bulanov et al., 1998; Suk et al., 2001) the mechanism
of injection in a density down-ramp were examined via PIC simulations. Initially the
laser propagates at the high-density region, where the bubble is formed. Then, along
the down-ramp the plasma density decreases, thus plasma wavelength increases. This
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leads to a reduced phase velocity at the back of the bubble, while the phase velocity
at the front of the bubble is higher, thus the bubble expands longitudinally. Then wave
breaking occurs and electrons are injected along the down-ramp. Experimentally this
has been realized by the two different setups described in section 1.2.1 (Ekerfelt et al.,
2017; Hansson et al., 2015; Thaury et al., 2015). Also, the machining beam concept is
based on the same mechanism (Brijesh et al., 2012; Faure et al., 2010).

3.7.3 Optical injection

This method refers to a modified experimental concept, where two laser pulses
are used. The first pulse, known as the driver pulse, is destined to form the wakefield
but without reaching the self-injection limit. In this case, to trap electrons they must be
de-phased with respect to the plasma wave. This is achieved by using an additional
pulse, the “injector pulse”, which collides with the wakefield, destined to locally trigger
injection. In this case a heating process occurs, resulting from the beating of the second,
lower intensity pulse with the initial one (Faure et al., 2006). By modifying the delay
between the two pulses the acceleration distance is tuned. Although optical injection
was successfully achieved, its experimental implementation is complicated and thus is
not commonly used.

3.8 ENERGY GAIN IN THE PLASMA WAVE

After injection occurs, acceleration of a beam starts. An electron accelerated in a

plasma wave gains energy equal to the product of the accelerating field E,and the

acceleration length L.

W = eE, Ly, 3.40

In the simplest approach, the upper energy limit is calculated by multiplying the peak
electric field achieved before the wave breaking by considering as L, the distance
between the injection position and the end of the gas. However, three mechanisms may

limit L., the electron dephasing, the pulse depletion length, and the laser diffraction.
3.8.1 Electron dephasing length

At some distance in the accelerating field, the trapped electron beam may reach
a velocity higher than the laser group velocity. Consequently, after this distance the
beam outruns the accelerating field and starts to decelerate. This distance is the
dephasing length, as the beam is no longer in phase with the wake. In the bubble
regime, the dephasing distance in the co-moving frame is given by the relation (Lu et
al., 2007)
poo T 208 _4wiya 341

1-8, 3w} 3w} ky

which is a function of the bubble radius given by 3.30. According to equation 3.41, L?&D
depends on laser intensity and plasma density, providing the opportunity fo tune it. L‘ZD
for laser Zeus, when performing with an ay=2 and a plasma of n,o = 4,5 1018cm =3,

is around 5 mm.
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3.8.2 Pump depletion length

As the laser pulse propagates, it becomes depleted by transferring its energy to
the wakefield. At the pump depletion length, the energy transfer stops, as well as the
acceleration. For the bubble regime is given by the relation (Lu et al., 2007):

2
130 _ C _ wj 3.42
pd —_ _CTO - _ZCTO
uetc D

2
Ccw
where Uy, = p/wz according to (Decker et al., 1996) is the etching velocity, namely
0

the erosion velocity of the laser head that excites the wave before the self-focusing

3 is around 5 mm.

effect occurs. L?,g for laser Zeus and a plasma of n,g = 5 108 cm™
It is important to mention here that while low density leads to longer dephasing and
depletion lengths, there is a density threshold, above which self-injection becomes

inefficient (Mangles et al., 2007, 2012).
3.8.3 Laser diffraction limitation

As any focused beam, the laser will be diffracted at a certain distance and its
intensity will be reduced. The diffraction length in vacuum is connected to the Lyirr =
27Zg. However, this distance is strongly modified due to self-focusing. Practically, the
beam remains relatively focused for several Raileigh lengths.

3.9 BETATRON RADIATION

In LWFA the year 2004 is referred as a milestone, as the first high-energy
electron beams were achieved. At the same year the so-called Betatron Radiation was
observed for the first time. The group of (Rousse et al., 2004) presented a soft x-ray
beam of synchrotron-like spectrum with few mrad divergence and duration of few
tenths of fs.

According to the synchrotron radiation definition, relativistic electrons wiggling in
a periodic field emit photons (Bolton et al., 2018). The total radiation emitted by the

relativistic electrons per frequency w, per solid angle (2 is given by the following
relation (Jackson J. D., 1977):

0’1 _ e |[* w[-tOnx[(n-p)xp
dwd) 16m3gyc (1 - Bn)?

u . . . . . .
where B = — s the normalized velocity of the electron, n is the unit vector in the

2

— 00

direction of observation, r(t) the electron. According to this relation the yield is
maximized when fBn =1, namely when electrons’ velocity approaches ¢, while is
parallel to the direction of observation. In addition, there is no radiation without

acceleration, namely the whole spectrum vanishes for = 0.
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Bubble

Figure 3-4: Electrons injected in the bubble oscillate transversely and emit x-ray photons of small
divergence at the laser propagation direction. This radiation is known as Betatron. Adopted from
(Jinchuan, 201 3).

While the LWFA takes place, if injected electrons are slightly of axis, at the
same time undergo transverse oscillations in the plasma wake, thus they radiate, as
seen in Figure 3-4. This motion is happening due to the radial restoring force that
electrons experience in the bubble caused by the charge separation. This motion is
similar to the one of electrons entering a periodic magnetic field in an undulator, used
to create synchrotron radiation. The wavelength of the magnetic field in an undulator

is AvaG and is related to the magnet’s length, thus the resulting photons’ wavelength is

Ay = Amag 2y ) where y is the relativistic factor of the electron. This radiation is

limited by the magnet’s length, which can’t be less than few mm.

The oscillation frequency for the Betatron motion is given by (Rousse et al.,
2007)
Wp 3.44
J2y

In this case the photons’ fundamental wavelength A, for near axis oscillations with a

wB=

A . .
Betatron wavelengh Ag, calculated as A = B 2y)? however Ay is in the micron-scale,

thus electrons of smaller relativistic factors in comparison to the electrons inserted in the
periodic magnetic field of an undulator, radiate photons on the x-ray energy range.
An analytical description of the theory related to Betatron Radiation emission
can be found in (Corde et al., 2013). Here we will briefly present some basic scaling
of Betatron Radiation, according to LWFA parameters. According to (Wood et al.,
2017) the Betatron spectrum can be approximated by the on-axis synchrotron
spectrum, given by the relation:
d’l 2(£)2K2 E 3.45
daedn Y \g,) "3 3E,
where K /3is a second kind modified Bessel function and E/ is the critical photon energy

achieved by this mechanism. E. in practical units is given by the following relation:
Ec = hw, = 5% 10721y 2n,[em™3]rg[um] 3.45
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where w, is the critical frequency of the spectrum, and 13 the amplitude of the Betatron
oscillation, which is related to the electron injection method (Faure et al.,, 2006). The

average photon number with an energy E_ is:
— -3
N, = 5.6107"NgK 3.46

where Nﬁ is the number of betatron oscillations that an electron will conduct, and K is

the strength parameter:
2wy
k= AZ £ = 1,33 10710 2 n/* [em™>] * 15 [um]

where K is a similar concept to the wiggler strength parameter in synchrotron radiation.

3.47

The previous relations describe the so-called wiggler regime, where K >> 1, the
radiation spectrum is synchrotron-like, emitted in a narrow cone with a photon emission
angle 8 = K /y.If K << 1 the undulator regime is occurring, where the photon emission
angle 8 = 1/y, and the photons are emitted at the fundamental wavelength. As
Betatron radiation is emitted by a micron scale areq, it presents high spatial coherence,
thus is ideal for high resolution imaging.

3.10 PIC SIMULATIONS

The real dynamics of LWFA is a 3D non-linear problem, where for all plasma
particles, Lorentz equation must be solved using the Maxwell’s equations to approach
the EM fields. The fields must be continuously updated, according to the self-consistent
fields created by the plasma. As discussed before, 1D linear and 1D non-linear
approximations have been developed to describe its dynamics. However, the 3D
problem can’t be analytically solved. A precious tool often used is PIC simulations.

In this dissertation, EPOCH, a plasma physics simulation code was used. In PIC
codes, several physical particles are represented using a smaller number of pseudo-
particles, thus the problem can be addressed computationally (Arber et al., 2015). In
EPOCH the EM fields generated by the laser, together with the motion of these pseudo-
particles are calculated using a finite difference time domain technique. Especially in
EPOCH a modified leapfrog scheme is used, where the fields are updated at full- and
half-time steps. The calculations take place at a fixed resolution mesh point, defined by
the plasma characteristics. More precisely, the plasma Debye Length must be resolved
to avoid numerical instability. This characteristic plasma length defines the volume of a
sphere over which an electrostatic potential is attenuated by a factor of 1/e by charge
re-distribution, and is given by the relation (Chen, 1983):

eoksT, 3.48

nye?

D:

where kg is the Boltzmann constant and T, the electron temperature.

A full-time step begins with charge and current density calculation from the
macroparticles’ properties and interpolated at the grid points. Then, based on them,
EM fields are calculated at the same and neighbouring grid points. Then, macro-
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particles are moving due to the EM fields and their new positions are calculated. Based
on the new positions, a new time step begins with the new charge and current density
calculation.
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Chapter 4: CFD simulations setup and results
for conical Nozzles

The role of the gas and plasma density in bibliography and LWFA theory has
been highlighted. The way that LWFA is connected to the gas and plasma density is
complicated and there is no unique solution for such an experiment, as various gas
profiles lead to different LWFA injection and acceleration conditions and, thus, to
different electron beam characteristics.

In this Chapter the CFD simulations are presented, conducted for understanding
the gas flow parameters and accordingly design a series of nozzles, which aim to
provide some tunability to the IPPL electron source.

4.1 PHYSICAL PROBLEM

gas pressure regulator Vacuum Chamber

pulsed
valve

metallic pipes
nozzle

Pressure

Gauge
Figure 4-1: Concept of the simulation: Using a pressure regulator the backing pressure is set. The gas
flows via a metallic pipe to a pulsed gas valve and exhausts to the vacuum chamber via a nozzle. The

pressure gauge located at one of the chambers’ ports measures an indicative pressure value, related to
the outlet pressure.

In LWFA experiments a high-pressure gas container (up to 200 bar) connected
with a pressure regulator (up to 60 bar) provides a gas flow via metallic pipes to a
pulsed solenoid valve. A nozzle attached to the valve forms the gas expansion taking
place in a vacuum chamber, continuously pumped. The valve opening duration is
400 us, and the flow has been measured to be adequately steady for over 300 us.
From now on, the gas valve with the nozzle attached will be addressed as gas jet
assembly. The pressure measured using a vacuum gauge positioned at the chamber
port (about 1m away from the gas jet assembly exhaust area) never exceeds
10~° mbar. Under such conditions, the pressure ratio along the gas jet assembly is
ultra-high and the flow is highly under-expanded.

In the Laser Plasma Accelerators (LPA) one can take advantage of the nozzle
geometry to shape the gas profile. The most common nozzle design in LWFA
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experiments is the De Laval nozzle, a convergent-divergent nozzle that drives a
supersonic flow. The influence of the convergent geometry is not as important as the so-
called throat, where the diameter is the smallest (Lemos et al., 2009; Semushin & Malka,
2001). Various groups have conducted extensive 2D-axisymmetric CFD simulations as
discussed in section 1.3.1, to study various axisymmetric geometries, with the work
presented in the doctoral thesis of Schmid being the most complete (Schmid, 2009).

In this study the gas valve was provided, thus, to create supersonic nozzles, we
built upon the geometry of the existing valve. Taking advantage of the precisely
modelled inner valve geometry, we designed a set of mainly conical extensions, which,
in combination with the inner valve geometry, act as Convergent-Divergent (CD)
nozzles.

4.2 SIMULATION GEOMETRY MESH AND BOUNDARY CONDITIONS

For the simulation geometry the convergent part is attached to an area, which
represents the reservoir where the backing pressure is applied, treated as a pressure
inlet. The nozzle exit is in contact with an area that represents the vacuum chamber,
where the nozzle exhausts, up to the end of the simulation domain selected to be treated
as a pressure outlet. In the inner nozzle wall no slip boundary condition is applied.

Valve design

Wall

Chamber

Reservoir, Valve

S50
1

0.5

Inlet

| Axis 25.90

Figure 4-2: left: Conceptual Flow Domain. Right: The exact dimensions at various locations.

In Figure 4-2, the simulation geometry for one of the designed nozzles is illustrated. At
the left, the boundary areas are highlighted, while at the right the exact dimensions
are marked. As illustrated, the part of the valve from the nozzle tip and downstream is
included, placed exactly after the constant pressure reservoir. The valve is an Ultra-low
leak Extreme performance Valve, from Parker solenoid valve series. This part
incorporates already a CD area, with a minimum diameter of 280 um. This exact area
was selected to be the throat of the integrated nozzle, which was further developed
mainly as a cone. This served also to avoid the production of an ultra-small diameter
via 3D printing, which is a very difficult task (Dépp et al., 2016).

The nozzle illustrated in Figure 4-2, named Nozzle 1 according to table 1, has
7.5 mm total length, with a front cylindrical section of 1.5 mm length and 1 mm
diameter, and a following divergent conical section of 6 mm length, with a 2 mm
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diameter at the nozzle exit. The length of the flow domain downstream the nozzle exit
is about 14 mm. Even though the formed jet expands along a larger distance, the
hyperbolic nature of the flow equations allows for omitting its simulation.

In Table 1 the geometrical characteristics of the 5 designed nozzles are
displayed. All the five nozzles have a cylindrical area of 1 mm diameter with length
equal to its base length and then a conical area. Their exit diameter is from 2 to 3 mm,
and one of them, Nozzle 5 has a straight part following the divergent-one, to examine
a case similar to the one proposed and analyzed in (Mollica, 2016; Rovige et al.,
2021). According to these studies, an oblique shock is expected to be formed due to
the straight area, which will create a high-density peak away from the nozzle exit.

10,000 (mm)

Figure 4-3: The 2D mesh is unstructured, quadrilateral dominant. The mesh after the close to the wall
area is finer, to capture viscous effects.

In Figure 4-3 the mesh constructed for the 2D simulation is presented. The mesh
is unstructured, consisting mainly of quadrilateral elements, although triangular elements
are used at the regions of significant curvature, such as the area at the throat of the
inner valve. For this specific geometry, it consists of more than 10° elements. A mesh
independence study (see Appendix A) demonstrates that the applied discretization was
sufficient.

Cone length (mm) 6 8 3 6 6

Base length (mm) 1.5 3 1.5 1.5 2

Exit diameter (mm) 2 3 2 2.5 3
2

Straight part (mm) - - - -

Table 1: Geometric features of the designed nozzles

4.3 DENSITY BASED SOLVER

The problem was approximated as a 2D axisymmetric and steady state one.
ANSYS Fluent provides two solvers, pressure-based and density-based, that solve the
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equations in a different sequence. For compressible flow problems density-based solver
is preferred. As seen in Figure 4-4, the density-based solver is coupled, thus solves in
the same step continuity, momentum, and energy equations (2.35,2.36 and 2.38) and
afterwards, the turbulence equations are solved (Ansys Inc, 201 3).

In the simulations, double precision accuracy was used. A convergence criterion
for the residual value for each variable is set and until all reach this value (< 107%),
the solver updates the fluid properties based on the current solution and moves to the
next iteration. Before the first iteration, all values are initialized via a hybrid
initialization. Additionally, a Full-Multigrid Initialization scheme on 5 coarser grids is
used to facilitate convergence.

Implicit formulation is selected, and the flux type follows the Roe Flux Difference
Splitting scheme (Roe-FDS). The turbulence model used was k-w Shear Stress Transport
(SST). In this model the transport equations for the turbulent kinetic energy k and the
specific dissipation rate w are calculated near the walls, to provide high accuracy,

while a simpler model is solved in the inner flow area, to save computational time
(Menter, 1994).

Hybrid & Full Multigrid
Initialization

}

Update properties

!

Solve continuity, momentum
& energy equations

!

Solve turbulence
equations

!

Y
No Converged ? £‘<Stop>

Figure 4-4: Steps of the Density Based solver of ANSYS Fluent.

For flow, turbulent kinetic energy and specific dissipation rate calculations second
order upwind schemes were applied. However, to accelerate convergence, solution
steering technique was enabled, which allows to reduce solution accuracy by creating
a blend of first and second order upwind schemes (in our case 30-80 %).

4.4 SIMULATION RESULTS

The basic model selected, based on bibliography research, is calculating gas
density using on ideal gas equation of state for constant values of gas properties (here
for p=1bar and T = 300 K) (Aniculaesei, 2015; Mollica et al., 2016; Schmid,
2009). The gas properties values are presented in Table 2. The use of various gasses
in our experiments (Grigoriadis et al., 2021) motivated a comparative study for various
gas types.
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Specific heat Thermal Viscosity Molecular

(J/kg K) conductivity weight

(W/mK) (kg/ms) (amu)

He 5190 0.156 1.96 x 1073 4.002
Ne 1030 0.0498 3.13x107° 20.17
N- 1040 0.026 1.76 x 10~° 28.012
Ar 520 0.0179 2.23 x107° 39.94

Table 2: gas properties for p=1 bar and T=300 K (Https://Www.Engineeringtoolbox.Com/;
Https:/ /Www.Engineersedge.Com)

In Figure 4-5 details of the simulated flow inside the gas jet assembly with Nozzle
1 are highlighted. The inlet backing pressure applied was 40 bar and the outlet
pressure was set to 1 mbar. Initially, at the gas reservoir and the first part of the valve
the gas density remains constant. As the gas enters the gas valve and comes close to
the throat, the flow changes from subsonic (M < 0.3) to sonic (M = 1). Then, exactly
after the valve throat, where the first small divergent area is located (which is part of
the inner valve) and inside the cylindrical area of Nozzle 1, the pressure ratio is ultra-
high, and a barrel shock is developed. Located upstream of the Mach disk, lies an area
where the Mach number approaches a value of 10. Inside the divergent part of Nozzle
1, downstream the barrel shock, an oblique reflected shock occurs and further on,
multiple expansion and compression waves are generated, forming a weaker diamond-
like shock, which dissipates downstream the nozzle before its exit. The Mach number
continues to rise inside and downstream the Nozzle's 1 exit.

Gas crossing the Mach disk is then subsonic, while the gas passing through the
barrel and oblique reflected shock remains supersonic, resulting to a slip line between
the subsonic area in the jet core and the supersonic at the shear layer, similar to the
formations noticed in via PLIF imaging, at the outer area of a highly underexpanded
jet (Wilkes et al., 2005). Modelling and simulation of the exact geometry, including the
commercial valve part revealed such formations, which govern the flow, as preliminary
simulation tests, simulating Nozzle 1 without considering the valve geometry, didn’t
reveal the strong barrel shock.
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Figure 4-5: Detail of the simulation domain inside Nozzle 1: density map (top) and Mach number map
(bottom). Flow formations inside the inner valve and nozzle region are highlighted: a barrel shock,

followed by a diamond-like shock are observed inside the nozzle. Maximum values of Mach number are
in the order of 10.

In Figure 4-6 the simulated variation of the gas density and Mach number along

the symmetry axis is presented, for the same case. Density decreases with an almost

constant rate, up to the areas where abrupt geometry changes happen, such as the

valve throat, or the transition to the divergent part. The rate of change in density is

inverse to the rate of change of the Mach number. The discontinuities in Mach number

and density correspond to the location where shock waves are formed. The first strong

discontinuity is the Mach disk, while the second weaker one is the diamond shock.
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Figure 4-6: Density (black) and Mach number (blue) along the symmetry axis of the simulation domain

(bottom), for He and 40 bar backing pressure.
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Figure 4-7: Gas density profiles 200,400, 600,800 and 1000 um downstream the Nozzle 1 exit for

He, Ne and Ar, for 40 bar backing pressure and outlet pressure 1 mbar). Density along the axis of
symmetry, for the 3 gases.

In Figure 4-7, the gas density profiles of He, Ne, and Ar at
200,400,600,800 and 1000 um downstream the Nozzle 1 exit, for the same
boundary conditions, are plotted. The overall density decreases by increasing distance
from the nozzle’s exit for all gasses, while He presents the higher and Ar the lower. In
the last plot, the density along the symmetry axis is plotted for He (magenta), Ne
(green), and Ar (red). The density variation for the 3 gasses is almost identical.
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Figure 4-8: Density along axis for He, Ne and Ar 1mm downstream the Nozzle 1 exit. A small density
increase is noticed, due to the reflections of the expansion waves to the shear layer. The selected area
is zoomed, as being the mostly used in LWFA experiments.

In Figure 4-8 a zoom for 1 mm distance downstream the Nozzle 1 exit of this
plot is depicted. The selected area corresponds to the area of interest for LWFA
experiments. The flow is characterized by the transition from the inner nozzle to the
outer domain, namely the low-pressure chamber, thus there are no more geometrical
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restrictions posed (solid boundary). In this region, a small increase in density, lasting for
a short length, is noticed. This is attributed to the existence of the shear layer, where
expansion waves are reflected.

Static pressure (bar)

1.0e-05 0.04 0.4 4.0e+01

Temperature (K)
3.3e+00 20 50 100 4.6e+02

— L —

Figure 4-9: Pressure and temperature in the flow domain. The values vary significantly and upstream the
Mach disk the static pressure is below the critical value, while the temperature is slightly above.

However, by examining other important quantities, such as pressure and
temperature, displayed in Figure 4-9, one can see that there is a significant variation
along the simulation domain, which may strongly affect gas properties. Also, upstream
the Mach disk, the critical point conditions may be locally met. This is why a study of the
model reliability was conducted, presented in the next paragraphs.

4.4.1 Kinetic theory model

In (Henares et al.,, 2019) gas jet targets destined for ion acceleration
experiments, thus expected to be over-dense, according to the definitions discussed in
section 4.3, are examined. The range of backing pressures examined in their study is
ultra-wide (1 — 1000 bar), thus different tabulated values of the gas properties are
used for different inlet pressures. Although closer to each simulation ran, the properties
have a 2D distribution according to the local value of the temperature.

In this paragraph the differences in the flow, when the gas properties are
calculated by using the kinetic theory model, included in ANSYS Fluent, are examined
(Ansys Inc, 201 3). This model was used to run a simulation for Nozzle 1, with He, at the
exact same boundary conditions as in the previous paragraph, which are considered
reference conditions for most of the following studies. According to the kinetic theory
model, viscosity is given by the equation

;= 2.67 1076 LT 4.1

2 7’
o0y

where My, is the molecular weight, 2, = £2,(T") is the diffusion collision integral and
R
 (e/kg)

g/kB (K) stands for the Lennard-Jones energy parameter. Lennard-Jones potentials are

. The quantity o (A) stands for the Lennard-Jones characteristic length and

intermolecular potentials which model soft repulsive and attractive interactions for
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neutral molecules and their value is given for each element by the relation (Lennard-

Jones, 1931)
12

V() = 45[(2) _ (2)6] 4.2

T
where 1 is the intermolecular distance, d is the distance where V () = 0 and ¢ is the
depth of the well, as shown in Figure 4-10. The values used for He in this study are 0 =

2,52 A and € = 9.87 K found in (J. O. Hirschfelder et al., 1954).

vir)

D ————
o 35

Figure 4-10: Lennard-Jones potential characteristic form; o is the distance at which the potential is equal
to zero, and € is the depth of the well.

Considering kinetic theory, the specific heat capacity of a gas i, is calculated by the
relation:
1R 4.3

%i =7, (fi +2),
where f; is the number of degrees of freedom of the gas. Thermal conductivity k; is
calculated via the relation:

15 R 4 ¢, ;M 1 4.4

ki - " (_ p,itwW +_>,

4 My,” \15 R 3

The results obtained using kinetic theory model to calculate gas properties (top)

together with the results obtained with the values of table 1 (bottom) are displayed in
Figure 4-11. He holds 3 degrees of freedom anyway, thus, ¢, value displayed in 4-
11(a) is constant for both cases. In figure 4-11(b) and (c) the viscosity and thermal
conductivity values are displayed. According to kinetic theory model, both vary for over
2 orders of magnitude.

In addition, in Figure 4-11(d), (e) and (f) the density, Mach number, and pressure
for constant (bottom) and calculated according to the kinetic theory model (top) values
of y, ¢, and k are presented. The effect of the model in those quantities, which are

important to our study, is very small and in the contour maps is eliminated.
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Figure 4-11: The comparison of the quantities a) Cy, b) 4, ) k, d) p, e) M and f) p for two different

simulation cases. In case 1 the values of ¢, 1 and k are constant (bottom), while in case 2, are calculated

by the kinetic theory model. Although the values of it and k vary almost two orders of magnitude, the

variation of p, M and p is below the resolution of the contour maps.

To highlight the effect of the model on the gas density and Mach number, in

Figure 4-12 (top) the profiles 400 um downstream the nozzle are plotted, as well as

the same quantities along the symmetry axis at the area corresponding to the one
suitable for LWFA experiments (bottom). The changes noticed in the examined values

are minor (~1 %). Considering equation 2.36, we infer that the pressure gradient is

the governing term, while heat conduction and viscosity terms are of minor contribution

at the case examined.
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Figure 4-12: Top: Particle density (left) and Mach number (right) profiles 400 wm downstream the nozzle
exit; Bottom: Mach number and density variation along the axis, for constant values of the gas properties
according to table 2 (green) and for properties calculated according to the kinetic-theory model (black).

4.4.2 Density calculation with Peng-Robinson real gas model
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Figure 4-13: p-T phase diagram of “He. The critical point is at p, = 2.27 bar and T, = 5.2 K
(Slenczka & Toennies, 2022).

The validity of the ideal gas approximation is also examined here. Real gases
and especially noble gases tend to behave like an ideal gas for a wide range of
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thermodynamic conditions. However, the particles that compose the gas under relatively
low pressure and extremely low temperature conditions exert intermolecular forces and
when the critical point is achieved the gas starts to liquefy.

In Figure 4-13 the phase diagram of He is displayed. The critical point of He is
at a very low-temperature, Tc.=5.2 K and P.=2.27 bar. The triple point A4 is also
highlighted, and the A — line, which particularly for He, instead of denoting the co-
existence of gas, liquid (He 1) and solid state, denotes the co-existence gas, liquid (He
[) and superfluid state (He Il) (Slenczka & Toennies, 2022).

A test was conducted by applying a real gas model for the density calculation.
The Peng-Robinson model (Peng & Robinson, 1976) is expressing equation of state via
the relation:

_RT a 4.5
PV b VZt2bv — b2
where I/ is the molar volume, while @ and b are given by:
2
R2T? T\ /2 4.6
a=104 1+ (04+ 150 —027w%) |1 — (—)
Pc Te
__ RT, 4.7

b

Pc
and w is the acentric factor, being equal to 0.39 for He. The ANSYS Fleunt material

database was used to determine the demanded properties for the application of this
model.

To highlight the effect of the model on the gas density and Mach number, in
Figure 4-14 (top) the profiles 400 um downstream the nozzle is plotted, as well as the
same quantities, along the symmetry axis at the area corresponding to the one suitable
for LWFA experiments (bottom). The gas density at the peaks of 400 um profiles is
reduced by almost < 3%, while at the middle area is increased by ~ < 8%. The
difference remains high along the axis. The differences noted here are considerable.
The density profiles expected are slightly modified, however, as the model has a higher
computational cost, and its contribution is now known, the following parametric studies
were conducted by using the ideal gas assumption.
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Figure 4-14: Particle density (left) and Mach number (right) profiles 400 um downstream the nozzle exit.
Bottom: Mach number and density variation along flow axis for the density calculated from the ideal gas
equation of state (green) and for the density calculated from the Peng-Robinson real gas equation of
state (black).

4.5 EFFECT OF GAS PRESSURE

4.5.1 Inlet pressure parametric study

In LWFA a wide range of backing pressures is tested, while optimizing the
experimental conditions. In this study, using Nozzle 1, the backing pressure was varied,
and the density variations are highlighted. In Figure 4-15 the density contour map for
50 bar backing pressure (top) is displayed together with the 25 bar backing pressure
(bottom) density contour map, under the same color scale, while the outlet pressure was
kept constant. The flow features formed are similar for both cases, however, as backing
pressure increases, the overall density increases, and the jet extends for a longer area.

In Figure 4-16 the simulated density 400 um downstream Nozzle 1 exit is
plotted for 25 to 50 bar backing pressure. Although the profiles are similar, the peak
to minimum value ratio is increased by increasing backing pressure. In addition, the
density peaks lie closer to each other, as the backing pressure decreases. Practically,
when a more uniform profile is desired, the operation of the same nozzle at lower
packing pressure is a possible option.
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Figure 4-15: Density contour maps for He for 50 bar (top) and 25 bar (bottom) backing pressure. Similar
flow features are formed. The overall density decreases by decreasing backing pressure, as also the
length of the jet.
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Figure 4-16: Particle density 400 um downstream the nozzle’s exit, for 25 to 50 bar backing pressures.
The peak to minimum value ratio is increased, as well as the distance between the peaks, as the backing
pressure increases.

Finally, in Figure 4.17 the simulated particle density along axis for 25 to 50 bar
backing pressure is plotted. The dashed line represents the nozzle’s exit. We notice that
after the first strong shock, which is located at the same position for all cases, the
formations are located sligthly earlier for the lower backing pressures.
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Figure 4-17: Particle density along axis for 25 to 50 bar backing pressures. The flow features after the
first barrel shock are moving slightly downstream as the pressure increases.

4.5.2 Outlet pressure

Density (kg/m?)

Figure 4-18: Density contour maps for Nozzle 1 with He, at 40 bar backing pressure. From top to bottom,
outlet pressure increases from 1 to 10 mbar, initially without a great effect on density values, especially
at the area close to the nozzle exit. Progressively diamond-like shocks with increasing periodicity are
formed.

On the contrary to the backing pressure, which is manually picked during an
experiment, the pressure at the outlet is a non-controllable value, as it depends on the
amount of gas exhaust and the pumping conditions in the chamber. Also, by the
measured value, only a rough estimation is possible, as the pressure gauge is fixed
much further than the outlet, at the chamber ports (Figure 4-1). Thus, the selection of the
pressure value at the outlet is a complicated process, where calibration simulations must
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be conducted, as discussed in (Fan-Chiang et al., 2020). However, nozzles weren'’t yet
manufactured, therefore the range tested presented here was based mainly on
bibliography.

Density contour maps, for a wide range of outlet pressures are presented in
Figure 4-18. As the outlet pressure increases, additional diamond-like shocks are
formed. The periodicity of these shocks is increasing with the outlet pressure. Also,
smaller outlet values were tested, but without significant difference, especially near the
nozzle's exit, where the area of interest is located.

Finally, based on previous measurements made by colleagues for another nozzle
(Nozzle O, provided with the gas valve) 1 mbar was selected as the outlet pressure.
Emphasis is given to the fact that this approximation can’t match with all nozzle’s
geometries, simulation domains and backing pressures tested, however was a legit
simplification, typically conducted in bibliography.

4.6 NOZZLES 2-5

As discussed above, various geometries have been tested. In Figure 4-19 the
density contour maps for nozzles 2, 3, 4 and 5 (named according to Table 1, where
their geometrical characteristics are presented) are displayed. Their designs are
presented in Appendix B. The simulations were performed for He, at 40 bar backing
pressure and 1 mbar at the outlet. The model was set as described in section 4.1. The
flow characteristics for the 4 nozzles are similar to the ones’ produced by Nozzle 1,
shown in Figure 4-5.
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Figure 4-19: Density contour maps of Nozzles 2, 3, 4 and 5, for He, with 40 bar backing pressure, and
1 mbar at the outlet. Their dimensions are presented in Table 1.

First, a barrel shock is produced at the same position inside the cylindrical part
of the nozzle for all nozzles. For Nozzle 2, inside the cylindrical part which extends
longer (for 3 mm), a second less intense barrel shock, with a smaller Mach disk is
formed. For all nozzles, the weaker, diamond-like, shock is produced in the conical area.
For Nozzle 3, which has the shorter conical length a part of the high-density area of
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the diamond-like structure lies also out of the nozzle. In Nozzle 5, due to the straight
duct area following the conical one, a diamond-like shock is formed further downstream
the nozzle exit. The barrel shock is located at the same position; however, the nozzle
has a longer cylindrical area after the throat (2 mm), thus the diamond-like shock is
formed closer. Such a nozzle is ideal for experiments where the nozzle must be placed
in a lower position, as it produces a high-density area far downstream its exit. Also,
Nozzle 5 is ideal for experiments where a density profile peak at the middle is
preferred.

The density profiles of all nozzles 400 um downstream each nozzle exit are

plotted in Figure 4-20. In general, the forms of the profiles at this distance are similar.
The length of the profile increases for longer nozzle exit. At the same backing pressure,
the density drops by increasing nozzle’s exit diameter. Nozzles 2 & 4 provide smoother
profiles.
Finally, in Figure 4-21 the particle density variation along axis, for the area 1mm
upstream to 13 mm downstream the nozzles exit are displayed. The diamond-like
shock of Nozzle 3 lies downstream its exit, and of Nozzle 5 lies about 4 mm
downstream its exit.
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Figure 4-20: Particle density of all Nozzles of Table 1, 400 um downstream each nozzle’s exit, for He,
with 40 bar backing pressure and 1 mbar at the outlet. The profile lengths vary according to the exit
diameter of each nozzle. The density profiles of Nozzles 2 & 4 are smoother.
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Figure 4-21: Particle density of all Nozzles of Table 1, along axis of symmetry, from 1 mm upstream
the exit to 14 mm downstream, for He, with 40 bar backing pressure, and 1 mbar at the outlet.

4.7 REMARKS

Various designs of axisymmetric nozzles have been simulated under various
boundary conditions. The resulting profiles are in the desired density range. This set of
nozzles was designed to provide an opportunity to operate the existing LWFA electron
source under various conditions. The nozzles were manufactured via 3D printing
methods, and their density profiles were experimentally measured using interferometry
technique. In chapter 6, where the density measurements are presented, the validation
of the simulations is also discussed.

Each examined divergent nozzle contains the formed barrel-shock and the
subsequent diamond-like expansion and compression waves. Such waves would be also
formed (but with different characteristics) in the case when the divergent nozzles,
designed by the author, were omitted (while keeping only the convergent-divergent EM
valve); in such a case a typical underexpanded free-jet would be formed at the valve
exit, while the reflections of the expansion waves would be at the shear layer of the
free-jet. Here, the geometry of the adopted divergent nozzle “controls” the shape and
the magnitude of the shock formations and determines the details of the density profile
at the nozzle exit.

The tunability of the electron source, obtained by modifying the gas density
profile is further examined via the experimental results presented in chapter 7. In
addition, three non-axisymmetric nozzles have been designed and constructed (see
Appendix B), aiming to create a down-ramp density profile. To simulate them 3D CFD
simulations are necessary and have been conducted to some extent. However, the mesh
construction to reproduce the resolution studied here, necessary to capture the small
flow features in 3D domains is a laborious task, not yet accomplished in the context of
this dissertation.
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Chapter 5S: Experimental setups

Figure 5-1: IPPL facility of HMU hosted at Rethymnon (top). The 45 TW laser system Zeus (bottom).

The experimental part of this thesis was implemented in IPPL of HMU
(Https://Ippl.Hmu.Gr /). IPPL is a new, outstanding in a national level facility, hosting
the most powerful laser in Greece. In Figure 5-1, the building of IPPL facility at
Rethymnon is illustrated, together with the 45 TW laser system Zeus room.

In chapter 6, the experimental characterization of the 3D-printed nozzles is
presented and evaluated. In the following chapters, the behavior of the LWFA-based
electron source, with respect to various density profiles, resulting from the nozzles
designed, will be examined. In this chapter, a description of all the experimental setups
implemented in this work, e.g., the Nomarski interferometry setup, laser Zeus, and the
setups used for the LWFA and Betatron experiments, will be described. For the
diagnostics of the experiments an operating principle is presented.
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5.1 ZEUS LASER SYSTEM
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Figure 5-2: General layout of laser Zeus. The basic modules necessary to amplify the pulse up to 1.4 J
energy using the CPA technique, are highlighted.

Laser Zeus, manufactured by Amplitude Technologies, is a 10 Hz system that
delivers pulses of up to 1,4 | energy, 24 fs pulse duration and its central wavelength
is at 800 nm. The final, high-power laser pulse is achieved via several consecutive
amplification stages. In Figure 5-2 a layout of the basic components of laser Zeus is
presented.

The first module is the Ti:Sa oscillator named “Synergy Pro”
(Https:/ /Www.Spectra-Physics.Com/En/f /Synergy-Femtosecond-Oscillator). The
following module is a contrast ratio booster, where the beam produced by the oscillator
is amplified up to the p level and its contrast ratio is improved via a saturable
absorber. To further amplify the laser pulse, the CPA technique is applied, as the ultra-
short pulse produced by the oscillator would eventually exceed the damage threshold
of the following optics. The stretcher is the module where the pulse is temporally
stretched to the ps level, via a dispersive optical setup. The next module is amplifier 1,
where the stretched pulse, after crossing an additional saturable absorber, enters a
regenerative and a multi-pass amplifier achieving energy below 25 mJ. Then two
additional multi-pass amplifiers (Amplifier 2 &3) follow, pumped by two Prepulse
Nd:Yag laser systems. The base of the crystal installed in the Amplifier 3 module is
cryogenically cooled to eliminate thermal effects that may create damage. After that,
the final beam energy is typically higher than 1.2 ] and the beam is driven to the
vacuum compressor, where its duration is reduced again back to around 25 fs via a
set of gratings. The beam diameter is also progressively growing, and its final diameter
is 5.5 cm. Since the gratings are sensitive optics and the laser power is ultra-high, the
compressor is operating always under vacuum conditions (p < 10 — 5 mbar).

A vacuum tube of a few meters is connecting the compressor and the
experimental chamber. A gate valve with a glass window is positioned in this tube to
permit different pressure conditions between the two chambers (Figure 5-5). This
feature provides the opportunity to open the experimental chamber and operate under
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atmospheric pressure with a low laser energy (up to 30 mJ), for preparatory
measurements, such as alignment in the target area and measurements of the reflectivity
of the chamber’s optic elements, which are regularly conducted.

In the compressor chamber there is an option to send the laser beam either to
the experimental chamber or to the table of diagnostics, via a motorized mirror. Via
the diagnostics we access off-line information about the laser total energy, pointing,
pulse duration, and contrast ratio. The information is used for any corrections at the
laser operation and as reference values for the experiments.

In addition, exactly after amplifier 1, a secondary laser beam is generated,
where a small portion of the laser beam of few mJ energy is separated. This lower
energy beam is compressed at the air compressor module and arrives at the
experimental chamber from a different optical path (via an extra delay line the
synchronization of the two beams is achieved), and a pulse duration ~25 f's. This beam
is also used in our experiments to probe the laser-plasma interaction (probe beam).

5.2 MEASUREMENTS OF LASER CHARACTERISTICS

To operate the laser for LWFA experiments, measurements of the pulse
characteristics take place. The mean energy exactly before the vacuum compressor is
measured via a high accuracy laser energy meter, while a representative value is
800 — 1000 mJ with < 1% peak to peak stability. The energy is multiplied by a factor
of ~0.6 — 0.8, to estimate its value on target. This factor results from the reflectivity
measurements of the following optics, conducted at the preparatory experimental
phase. The pointing of the laser beam is recorded at a web camera to remain aligned
with respect to the interaction area. The beam pointing stability is high and small
corrections may be needed. Then, the pulse duration is measured in a daily basis using
the FASTLITE Wizzler device (https://fastlite.com/produits/wizzler-ultrafast-pulse-
measurement /). The technique used is Self-Referenced Spectral Interferometry (SRSI)
(Moulet et al., 2010). In this technique, a part of the laser pulse is used to generate two
similar, but different to the initial and each other pulses. After applying a Fourier-
Transform Spectral Interferometry (Shen et al.,, 2017) treatment to the interference
pattern of these pulse, the temporal shape of the pulse is calculated (figure 5.3b).

The Contrast Ratio of the pulse is also periodically measured. Although the peak
of the laser pulse has a ~25 fs pulse duration, practically significant amount of
Amplified Spontaneous Emission (ASE), ghost pulses and pulse pedestal are always
present. Thus, the temporal pulse quality must be controlled as it plays an important
role on experimental results (Mangles et al.,, 2006). Using Sequoia from Amplitude
technologies  (https://amplitude-laser.com/add_ons/metrology/sequoia/), a high
dynamic range (> 500 ps) 3d-order cross-correlation, we often measure the pulse
contrast ratio. The laser pulse is splitted, and one of the parts is frequency doubled and
delayed with respect to the other. Then, these two beams are driven through a third
harmonic generator crystal. The wavelength of the cross-correlation signal of the two
beams, and its evolution in time provides the pulse temporal profile. A typical set of
measurements can be seen in Figure 5-3 c. The measured pulse contrast (black line) is
improved using an extra optic, a saturable absorber, as referred before (red line). In
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IPPL we have studied the effect of this improvement to the electron beam signal
(Grigoriadis et al., 2022). According to our findings the absorber filters wavelengths
of photons generated in the amplification cavity asymmetrically, resulting in a
significant reduction of the ASE, improved the stability of the electron source and
reduced the electron beam charge.

Software for
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Figure 5-3: a) Table of laser diagnostics. Off-line measurements highlight the laser condition, resulting in
potential corrections which also are used as reference for the following experiments. b) Pulse duration
measured by the Wizzler. ¢) Contrast ratio measurement with and without the additional saturable

absorber, placed before the first amplifier.
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Figure 5-4: The spatial density profile of the focal spot at beam waist position. Its lineouts measured by
the two perpendicular profiles at FWHM is 26.4 um.

At the interaction area the beam is focused by an off-axis parabolic mirror. The
measurement of the size of the laser beam at focus is also necessary for the laser
intensity calculation. The beam waist was imaged by placing a highly filtered CCD
camera at the interaction area. By moving the off axis parabolic mirror, we aim at the
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minimum beam waist and the optimum, almost circular shape, as a perfect circular shape
is not easily achieved, due to wavefront aberrations caused by the optics.

5.3 LWFA EXPERIMENTAL SETUP

The basic setup for the LWFA experiments is hosted in the experimental chamber
of IPPL, placed at the west laboratory. The west laboratory is adjacent to the laser
Zeus room and the laser is coming to the chamber via a vacuum tube, as already
explained. In Figure 5-5 a photo of the chamber of 1.5 m diameter and 0.7 m height
is displayed. The experimental equipment necessary to perform the experiment is
presented here. Two 4” diameter dielectric mirrors guide the laser beam to an 8° off-
axis parabolic mirror, with a 1 m focal length. The gas jet assembly is placed at the
focus position. The off-axis parabolic mirror and the gas jet assembly were both
positioned relative to the center of an ISO 200 port of the chamber, on motorized
stages, permitting control of their position with accuracy ~ 1 um. The interaction of the
high intensity laser beam creates a plasma column, and electrons are then accelerated
towards the port. To capture the interaction, a shadowgraphy setup is installed in the
chamber. Also, to measure the spectrum of the accelerated electrons, a Magnetic
Spectrometer (MS) is installed. A pulse generator is used to synchronize the
performance of the laser, the gas valve and the CCD cameras opening.

.

‘ Vacuum Tube

\\t\‘

o>

Pulse Generator
& Gas valve Driving Unit

Figure 5-5: The laser is entering the experimental chamber via a vacuum tube. A gate valve placed at
the tube provides the opportunity to keep the compressor chamber under vacuum conditions, while
exposing the experimental chamber to atmospheric pressure. A turbo pump (accompanied by a
mechanical pump) on top of the chamber’s topping provides high vacuum conditions during the
experiments. Two CCD cameras are highlighted: CCD camera for MS is dedicated to the detection of
the trace of the electrons, after their path in the Magnetic Spectrometer (MS), and one for the
shadowgraphy setup, placed on the optical diagnostic table. On the optical beam table, all the optics
necessary to drive the probe beam are set. Finally, the pulse generator that controls the delays among
the laser pulse, the gas valve opening, and the CCD cameras’ opening time, is highlighted.
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Figure 5-6: left) The pair of magnets of the MS. Right) The EM gas valve with a plastic, 3D printed nozzle
attached.

5.3.1 Operation of the EM valve and synchronization

The Ultra-low leak Extreme performance Valve with exit cone (Parker) is shown
in Figure 5-6. The designed nozzles are screwed on its top surface. The valve was
controlled via the IOTA ONE 060-0001-200 Microfluid valve driver, shown in Figure
5-5. The valve’s opening provided an adequatelly constant gas flow for a time span

of 300 us, according to our experimental measurements.
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Figure 5-7: Synchronization diagram of the temporal delays of the gas jet assembly and the CCD
cameras. A pulse generator triggered by the laser is used to adjust the time delays.

In Figure 5-7 the temporal syncronization of the LWFA setup is illustrated. When
Laser Zeus operates in single-shot mode, two consequtive TTL pulses are generated with
100 ms delay. The firt one is used as a trigger signal for the pulse generator and the
second one is simultaneous to the laser pulse. The pulse generator is then triggering
through separate chanels to adjust the following delays:

i) the gas valve opening, so as to ensure steady flow condition at the gas

jet assembly during the main laser pulse arrival,

ii) the CCD cameras, to ensure signal acquisation.
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5.3.2 Shadowgraphy technique

Shadowgraphy, also known as strioscopy, is a widely used visualization technique
to study the behavior of plasmas. The operating principle is simple, as by illuminating
the plasma with a bright light source one observes the shadow cast by the plasma
density gradients onto a detector (Tatarakis et al., 1998). In our case, the lower-energy
laser beam of Zeus is used, called the probe beam, and the detector is a CCD camera
(Allied Vision Pike).

Practically, the laser crosses perpendicularly the area containing the plasma
created by the interaction of the main beam with the gas, thus it experiences different
refractive indices due to density gradients, as observed in Figure 5-8. As a result, the
laser light refracts, resulting in a shadow with different intensity regions. The relation
that connects the incoming light intensity [, to the disturbed intensity I; after crossing a
plasma area along z axis with length L is given by the relation:

Al —LfL 02 N 02 ( Y 5.1
L L) G tae n(x,y,z)dz.
a)
laser PSR e
> p|asm = CCD
X ~| chip
il -

Figure 5-8: a) Operating principle of shadowgraphy technique. Probe beam of laser Zeus with an
incoming intensity I, crosses the interaction area perpendicularly and the disturbed beam I; is captured
by a CCD camera. The density gradient resulting in different refractive indexes n(x,y,z) causes the
light to refract, revealing density structures formed by the interaction. b) A typical shadowgram captured
in a LWFA experiment.

5.3.3 Magnetic spectrometer (MS)

A MS is a diagnostic that deflects electrons according to their velocity. The home-
made MS consists of a pair of permanent Neodymium magnets of 11 cm length, 9 cm
width and 20 cm height, shown in Figure 5-6 left, fixed together at 1 cm distance via
a specially designed case (not shown here), a scintillating screen placed after the
magnets, and a CCD camera. Due to lack of space, it is placed as close as possible
after the interaction area, however, special care is taken, so as its magnetic field does
not affect the gas valve operation.

The relativistic electrons cross the almost uniform magnetic field (~0.4 T) and due to
the Lorentz force for E = 0:
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are dispersed perpendicular to the magnetic field B and their velocity v,. Electrons
with the highest velocity disperse less. The electrons then cross the scintillator (Lanex
Regular screen) located at the port of the chamber. Its active layer consists of the
powdered phosphor Gd20,S:Tb and is 10 — 100 um thick. The electrons interact with
the phosphor, with a known conversion efficiency (Kurz et al., 2018), producing photons
with energy 545 nm. The photons are then collected on the CCD camera and the gray
value, corresponds to the electron charge. The imaging system response was calibrated
using a known source emitting at the same wavelength. The camera used was a Guppy
PRO by Allied Vision, with a resolution of 1292 X 964 and pixel size of
3.75 um X 3.75 um, operating in 8 bit grayscale.
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Figure 5-9: Operating principle of MS. Relativistic electrons cross a magnetic field of 0.4 T and are
dispersed with respect to their velocity perpendicular to their initial direction. Their interaction with a
scintillating screen produces photons of 545 nm wavelength, which are recorded to a CCD camera. The
analysis of the recorded signal via a spectrum analysis code produces electron energy spectrum.

Then, the code SEAL, a spectrum analysis code, is used to calculate the relativistic
electron trajectories, according to the magnetic field created by the pair of magnets
and converts recorded electron beam traces to energy spectrum. The optical system
calibration and the code SEAL are part of the work conducted for the PhD thesis of
(Grigoriadis, 2023).

Finally, by the un-affected dimension of the electron beam, its angular divergence
can be estimated, as can be seen in Figure 5-9.

5.4 INTERFEROMETRY TECHNIQUE

Interferometry is a measurement technique that takes advantage of the
interference of two waves, to extract information related to the properties of the waves
or to the objects they interact with. The basic principle of interferometry involves the
interaction of at least two waves for producing an interference pattern. In LWFA
experiments interferometry measurements are often used to measure the gas or plasma
density profile.
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In IPPL, the gas density was measured using a Nomarski-type interferometer. The
main advantages of a Nomarski-type interferometer rely on the fact that there is no
need for a reference branch, as will be explained. Hence, the space and optics needed
are the least possible, the optical path is always equal, and there is high spatial and
temporal coherence.

CCD
chip
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Figure 5-10: Operating principle of Nomarski interferometry set-up: The beam of a CW laser is driven
over the 3D-printed nozzle, where the gas exhausts. Then, the beam crosses a Wolaston prism, where
two spatially separated perpendicularly polarized beams are formed, which then cross a polarizer. The
interference signal of the two beams is recorded onto a CCD camera.

The interferometry setup was developed at IPPL’s experimental chamber. The
beam of a linearly polarized CW He-Ne laser of A = 648 nm wavelength was
employed. The beam was expanded to over 1 cm in diameter and directed towards
the expansion region of the gas. The beam section passing through the disturbance was
phase-shifted, due to the change in the refractive index. Then, the beam was focused
and directed through a Wollaston-type birefringent prism. At this point, two spatially
separated perpendicularly polarized beams were formed, namely the ordinary and

extraordinary waves. After that, the beams were separated by a small angle ¢:

@ =20, —1,) 5.3

where 0 is the characteristic Wollaston angle and 17, and 1, are the refractive indexes
of the extraordinary and the ordinary way respectively. To create an interference
pattern, these two beams crossed a polarizer set at 45° angle. Finally, on the CCD
camera chip two images are projected, partially overlapping. In the overlapping area
the interference pattern is contained. The sketch of the Nomarski setup is illustrated in
Figure 5-10. The separation distance d, among the fringes is controlled by prism

location:

Ab 5.4

fa
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The Nomarski operation principle and a comparison among several
interferometric setups for gas measurements is found in (Liv et al,, 2021). The CCD
exposure time was set to 4 um. The phase shift recorded contains information related
to the gas density.

5.4.1 Phase shift

Selection of the signal area

2D Fast Fourier Transform
filtering

Inverse Fourier Transform

l I Phase Unwrapping

» Subtract reference image

Figure 5-11: Steps for obtaining a phase shift map. For the reported steps IDEA software was used (Hipp
et al., 2004).

To acquire 2D phase shift maps from the interferograms, the IDEA software was
utilized (Hipp et al.,, 2004). From the image obtained, initially the part where the
overlapping area containing the distortion was cropped. To this part of the image, the
2D Fast Fourier Transform (2D FFT) algorithm was applied, and the frequencies,
containing the gas density information, were selected. By exclusively considering these
frequencies, an inverse 2D FFT was applied, generating a synthetic interferogram. Then,
the Step Function phase unwrapping algorithm was utilized, to derive the 2D map
representing the phase shift. The same procedure was repeated for another,
undisturbed interferogram (without gas flow in the valve). Finally, the two images were
subtracted, resulting to the phase shift, as illustrated in Figure 5-11.
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5.4.2 Axisymmetric nozzles: Abel Inversion

The 2D phase shift obtained before, f (), has integral phase shift information,
namely a projection on the Yy plane of the phase shift acquired along an optical path

on X, in a specific height z, according to Figure 5-12.

y axis
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X axis
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gas jet

Figure 5-12: Abel Inversion reference geometry. The laser propagates parallel to the x-axis and passes
through an area containing the axial symmetric gas jet. The projection of the phase shift F(y) is recorded
on the CCD camera chip.

To obtain phase shift g(r) at a position with radius , in a specific height z,
Abel Inversion is applied to the data, which is given by the relation:

1 (Rd d 5.5
Mﬂ=—;f fo) _dy
y

O m dr.

The function g(7) is related to the refractive index of a gas 7:

2 5.6
() = =@ - D.
The index of refraction is connected to the gas atomic density 1, and laser wavelength
A, via the Lorentz-Lorenz equation (Couperus et al., 2016):

n? -1 na 5.7
N@W2+2 3
where « is the mean polarizability of the gas and & is the vacuum permittivity. For low
refractive index gases (N = 1 for all gasses used in this study, as illustrated in Table 3),

and for a given A, the relation is simplified as:

na 5.8
- 1=— .
n 2¢g
Dividing relation 5.8 with its version for Standard Temperature and Pressure (STP)
conditions, becomes:

n—1 n 5.9

Nstp — 1  ngrp
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where ngrp = 2.68 X 102 cm™3, namely the gas density at STP, and finally, by
replacing with relation 5.6 we obtain:

Ang g(r) 5.10
n(r) =————=
2n(n —1)
Gas /]
He 1.000035
Ne 1.000067
Ar 1.000281
N; 1.000298
Table 3: Refractive indexes of the gasses at STP

(Https://Www.Engineeringtoolbox.Com /Refractive-Index-D_1264.Html).

A code developed by the colleague Alekos Skoulakis was used to calculate the
Abel inversion numerical solution, using Gegenbauer polynomials (a = 2). This code
considers asymmetries of the measured phase shift (Mosburg & Lojko, 1968) following
the Freeman and Katz approach (Freeman & Katz, 1963). In this case, the symmetric
part of the measured values is contained in the even function f; (v):

fM+ =y 5.11
fo) =2
while the asymmetric part is f,, (y):
)= f(=») 5.12
fu(y) = % :
Then, after the Able Inversion, the radial distribution is expressed by:
g(r) = gg(r) +1gy(r), 5.13
g(=r) = gg(r) —rg,(r). 5.14

5.4.3 Non axisymmetric nozzles: Tomographic reconstruction

To obtain non-axisymmetric density profiles, a tomographic reconstruction
algorithm, suitable for reconstruction of non-homogenous distributions, is necessary
(Herman, 1980). In this case, multiple interferograms, obtained from different angles,
are used.

According to the geometry displayed in Figure 5-13, given the integral data
distributions h(p, 8), referred as projections, their relationship with the local distribution
f(r, @), known as Radon Transform, is given by the relation (Radon, 1986)

" s 5.15
h(p,0) = f ds f (\/pz + s2,arctan (E> + 9)_

The inversion of this relation, implemented by Johann Radon, is known as the Radon
Inversion, given by

i +oo 1 dh(p,0) 5.16
foe) =50 40 ), Ao
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b x axis

Figure 5-13: Reference geometry for tomography. Laser beam crosses the gas jet by various angles,

creating the projections h(p, 8), which are used to calculate local phase shift distribution via the relation
5.16.

To solve equation 5.16, an infinite number of projections is required. Thus, numerical
methods have been developed, instead. One of these methods, known for its
applications in x-ray imaging, is called the filtered back-projection, based on
mathematical convolution (Herman, 1980), and is available in IDEA software (Hipp et
al., 2004).

To apply this method at least 3 phase shifts, resulting from three equidistant angle
interferograms, with angles between 0 and 180 degrees are necessary. However, since
an experimental setup is unsuitable for that, the software allows for interpolation of the
results of non-equidistant angles.

The phase shifts are carefully cropped with reference to the image geometrical
centre, and after the application of the algorithm, multiple slices of phase shift values
g (1), vertical to the initial interferograms, are obtained. Finally, by using relation 5.10,
the density is calculated.

5.5 X-RAY DETECTION

Two x-ray photodiodes (Morros Compton CA) were used to detect x-ray photons.
Their active area is circular, with a diameter of 1.2 cm. The photodiodes were reverse
biased at 300 V and connected to the oscilloscope, as can be seen in Figure 5-14. To
ensure x-ray detection without any other signal or background (e.g., main laser
photons), they were enclosed in special 3D-printed cases for shielding, while their free
surface was covered by a 4.5 um thick Al foil, to block the IR laser photons. The
transmission of this filter for a wide photon energy range is plotted in figure 5.14 ¢)
(blue curve).
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Figure 5-14: a) The photodiode Morros Compton CA with active area 1.2 cm. b) The x-ray photodiode
was reverse biased (-300 V) and connected to the oscilloscope. ¢) Al foil x-ray transmission curves
(Https://Henke.Lbl.Gov/Optical_constants).
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Chapter 6: Nozzle manufacturing and
density measurements

The design and CFD study of several nozzles have been presented. The CAD
files of the models were subsequently used for 3D-printing. In this chapter, we will
describe the technologies implemented in 3D-printing of the nozzles and their
performance. Part of this study was presented in the EEITE conference (Andrianaki et
al., 2022a).

The gas density characterization was conducted via interferometry. To obtain
particle density, two different techniques were applied, Abel inversion for axisymmetric
nozzles and tomographic reconstruction for non-axisymmetric nozzles, as described in
Chapter 5. The main results of the study for the design, based on CFD simulations and
experimental evaluation of the axisymmetric, printed nozzles were published in
(Andrianaki et al., 2023).

Emm

150mm

)33.80mm

L. T75mm

Figure 6-1: CAD drawing and prototype of Nozzle 1, printed via FDM technique.

6.1 NOZZLE MANUFACTURING WITH 3D PRINTING

LWFA experiments take place under a high vacuum (~107° mbar), thus
nozzle must be vacuum compatible. Also, its smoothness should be very high, as any
small unwanted remnant in the inner nozzle area can affect the gas flow; the flatness
of the bottom base is necessary for the accurate fitting to the valve. Up to now mainly
milling technology has been used to produce such nozzles. Metallic nozzles are known
to be trusted for high-vacuum conditions, while small or moderate intensity laser pulses
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do not destroy the targets. The nozzles are typically purchased from specialized
laboratories or companies, thus their cost and delivery time are high (Prencipe et al.,
2017).

In our case, laser focal spot diameter is around 30 um, and is usually focused
on a distance greater than 200 um over the nozzle exit, while the focal area is
extended for several Raileigh lengths, thus the nozzle is not interacting or affected by
the laser. Given the fact that similar efforts have already been reported as successful
(Dopp et al.,, 2016; Vargas et al., 2014), the nozzle geometries were 3D-printed. 3D-
printing technology is ideal for prototyping, and was proved to be a low-cost, fast, and
efficient (Conner et al., 2014; Wong & Hernandez, 2012). In this context, quality tests
have been performed, using different printing technologies and printing settings.

Figure 6-2: Nozzles produced via FDM 3D-printing.

Initially, the Fused Deposition Modelling (FDM) process was tested. In FDM a
thermoplastic filament of diameter > 1 mm passes through an extruder and is heated
and melted. Then the paste formed is ejected via a nozzle attached to the extruder
and is placed on a surface, known as the printer’s bed, that is also heated. The extruder
and the bed are both moving, and the resulting part quality depends on the printer’s
characteristics, such as the printer’s nozzle diameter, extruder and bed temperature,
and layers’ height. In our case, Prusa MK3 (Prusa Research, https://www.prusa3d.com)
was available, with an 0.4 mm nozzle, a printing layer height of 0.1 mm, while the
printing filament was PETG. Some tests were conducted by varying printing settings to
conclude that we produced the necessary details. In Figure 6-2 Nozzles 3, 5 and NS 1,
3 are depicted.

Stereolithography (SLA) process was also tested, as is known to deliver finer
details. In SLA a tank filled with liquid resin is locally illuminated with UV light, thus the
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resin is hardened, and forms a layer at the printer’s bed. The bed is progressively
moving with respect to the UV light position and the next layer is created. The Photon
Mono X (Anycubic, https://www.anycubic.com) was used, with a UV LED light source
(405 nm), creating a layer height of 0.01 — 0.15 mm. In SLA process, a printed part
must be post-processed after removal from the printing bed (e.g., remove support
material, hardening).

For the nozzles, printing was initially failing to create the smaller diameter of the
inner geometry at the base of the cone, which was expected to be 800 — 1000 um.
Subsequently, printing under an angle, using supports as is shown in Figure 6-3, was
tested. Although this way the desired hole was created, by removing the supportive
material the flatness of the bottom base area was destroyed. Finally, the orientation
of the printing part was inversed in Z-axis and supports longer than the nozzle height
were used, so as to keep the nozzle exit unaffected. Finally, the critical areas of the
nozzle were reproduced, and the bottom base surface was smooth, while the top base
surface, which is out of interest, was rough.

(a) (b)

ad

Figure 6-3: Nozzles printed via SLA process. a) Printing of half section of a nozzle to test the ability of
the Anycubic SLA printer to reproduce inner nozzle details. Printing under an angle destroyed the bottom
flatness. (b) Inverse-Z printing. The top area is rough after removing the supportive material.

Another test took also place using metal 3D-printing, namely the Laser Metal
Deposition (LMD) process. In LMD, a powerful laser is used for melting a stainless-steel
wire of 1 mm thickness. The part is welded in the bed. The printing took place at the
Laboratory of Computer Assisted Machining (CAM) of the School of Production
Engineering and Management, Technical University of Crete (TUC), using MELTIO 450
(Meltio, https://meltio3d.com). Meltio uses & direct diode lasers of 976 nin
wavelength, which produce a total power of 1200 W. The process is taking place in an
Ar filled environment. The printer allows for the mixing of two different materials, as
two extruders are available.

The tests were unsuccessful, as the size of the extruder’s nozzle was too large
to print it properly. Therefore, the melted material was joined, without creating a hole
at the nozzle's center. The proposed steps tested, such as reducing laser power, vary
the distance of the wire and the bed, were not successful. Another proposed solution is
to print the main part and afterwards to use CNC for the wholes. Although this solution
would probably work, it didn’t serve the main goal to simplify the nozzle construction
process.

Another decisive disadvantage was the post-processing procedure required. As
the part was welded in the bed it must be removed using a band saw, which was
laborious and imprecise, resulting in a rough base bottom surface (Figure 6-4). The
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proposed solution is to add an extra layer that will be removed and polished at the
post-processing procedure. Although operational, this solution adds extra complexity.

Figure 6-4: a) Printing chamber of Meltio M450 metallic 3D-printer, filled with gas Ar, through the
protective window while printing. The laser is melting the 1 mm wire which is welded on the special bed.
b) The welded part was unsuccessfully printed.

6.1.1 Comments on printing procedure

The printed geometries tested with the above processes are included in Appendix
B. The criteria for the selection among the processes will be discussed in the following.
Any university-scale laboratory with a table-top laser appropriate for LWFA
experiments may have access to CAD software to create the geometrical drawing. The
designs should be adapted to the printing method. To proceed further the options are
owning a 3D-printer or outsourcing the designs. When outsourced, the cost for each
plastic nozzle didn’t exceed 4 Euros and the waiting time was at maximum few days.

FDM process is easy, even for beginners, and apart from the printer, no
additional equipment is necessary, while the resulting nozzles were operational in
LWFA experiments. However, when more complicated, non-axisymmetric designs were
printed, the inner surfaces of the nozzles were coarser. For SLA, where supportive
material was used and the hardening process (curing) is necessary, some expertise and
additional equipment are required. SLA was successfully reproducing even the non-
axisymmetric designs and the nozzles were operational in LWFA experiments. On the
other hand, LMD needs a machine workshop to produce a nozzle. Also, the test nozzle
failed to be successfully formed.

In addition, a comment on the reproducibility of printing procedure will follow. In
Figure 6-5 the phase shifts, resulting from analysis of interferometric measurements for
Nozzle 1 and Nozzle 2, printed with the same printer (Prusa MK3 ,FDM) and settings,
are presented for Nozzle 1 (left) and 2 (right) for 40 bar (a and ¢) and 50 bar (b and
d) backing pressures, respectively. Although both nozzles are functional in LWFA
experiments, small defects in printing have arisen, resulting in a non-symmetric flow.
Nozzle 1 systematically produced (for all kinds of gas tested and a range of backing
pressures) more symmetrical phase shifts than Nozzle 2. Apiece 3D-printed nozzle
evaluation tests should be conducted. However, it is important to report that in the

78 Chapter 6: Nozzle manufacturing and density measurements



literature, asymmetries for metallic nozzles produced via milling are also reported
(Couperus et al., 2016; Landgraf et al., 2011).
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Figure 6-5: Phase shifts of Nozzle 1 (2 mm exit diameter) (q, b), and Nozzle 2 (3 mm exit diameter) (c,
d), for He, at 40 bar (q, c) and 50 bar (b, d) backing pressure. Nozzle 2 systematically produced less
symmetric phase shifts. Results obtained with IDEA software (Hipp et al., 2004).

6.2 RESULTS FOR AXISYMMETRIC NOZZLES

A parametric study was conducted for the 5 axisymmetric Nozzles. The range of
backing pressure measured was from 25 to 50 bar, which is the range that is typically
examined in LWFA experiments. He, Ne, Ar and N2 were measured via the
interferometry technique, using the setup presented in section 5.4. The code discussed
in paragraph 5.4.2, which highlights the measured asymmetries, was used to obtain
density profiles. Some of our results, for Nozzles 1 and 2 which have already been
used in LWFA experiments in IPPL, are presented.
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Figure 6-6: Bottom: Particle density contours in cm ™2 for Nozzle 1 for Ne, Ar and N2 at 40 bar backing
pressure, measured with interferometry technique. Top: Particle density contours in cm™3 for Nozzle 1
for He at 40 bar backing pressure, measured with interferometry technique and respective CFD

simulation for He at 40 bar backing pressure and 10 mbar outlet pressure.

In Figure 6-6 the measured particle density contours of He, Ne and Ar and N2 at
40 bar backing pressure are presented. The simulated case is for 40 bar He and
10 mbar pressure at the outlet. The outlet pressure calibration study was discussed in
paragraph 4.5.2. When these studies were conducted, the nozzles had not been
constructed yet, and the case of 1 mbar was selected as the reference one.

In Figure 6-7 the measured density profiles of He (top), Ne (middle) and Ar
(bottom) at 40 bar backing pressure are presented. Experimental profiles (magenta
line) at 300 (left) and 500 (right) um downstream the nozzle exit are presented,
together with the profiles resulting from CFD simulations (green dashed line) at
300 and 500 um, for each gas type, at 40 bar backing pressure and 1 mbar
pressure at the outlet. This distance is selected as during the experiments we often select
to fire the laser at this height over the nozzle. For all three gasses, a 2 mm long density
profile with a drop at the middle and peak at the edges were expected according to
the CFD simulations. The experimental profiles are similar, peak values are in good
agreement, however the peaks lie closer to the symmetry axis. The Ne experimental
profile was unexpectedly low. A speculation is that the pressure regulator was stacked
in a lower backing pressure value without being noticed.
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Figure 6-7: Density profiles for He (top), Ne (middle) and Ar (bottom) at 40 bar backing pressure for
Nozzle 1. Magenta lines are experimental results 300 (left) 500 um (right) downstream the nozzle's exit,

and green lines are simulated values at the same distance respectively, for 40 bar backing pressure and

1 mbar at the outlet.
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Figure 6-8: The peak density value variation of gas He with respect to the backing pressure applied at
the valve for Nozzle 1, 300 um downstream the nozzle exit. Green spots and respective fitting curve is
for the experimental results and red spots and respective fitting curve is for the CFD simulations.
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In Figure 6-8 the peak density of gas He with respect to the backing pressure
applied at the valve, for a 25 to 50 bar pressure range is plotted for values obtained
300 um downstream the nozzle exit. Peak particle density of the experimental data
(green) and simulation results (red) are plotted and fitted with a linear fit. The expected
linear increase of density with backing pressure is verified. The experimental results are
more dispersed than the simulated ones. With a pressure increase, the distance between
the simulation results and the experimental data increases.
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Figure 6-9: Experimental (left) and simulated (right) particle density contours for Nozzle 2, for He at
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40 bar backing pressure (1 mbar for the pressure outlet).

Nozzle 2 is the most used nozzle in IPPL LWFA experiments. The experimental
density characterization via interferometry was conducted after its extensive use in
various experiments. Non-visible defects caused either by its long-term operation, or
the initial printing, caused the resulting highly non-axisymmetric phase shifts presented
in Figure 6-5. lts 2D particle density contour map is displayed in Figure 6-9 (left),
together with the simulated gas density for He, at 40 bar backing pressure (right) (1
mbar for the pressure outlet). The results are adequately similar for the right side of
the contour map, while the left one is not well reproduced.

In general, for nozzles 1, 2 and 4 the 2D particle density maps are similar to the
simulations for the area close to the nozzle exit, which is typically used in the
experiments. However, as explained in paragraph 4.5.2, the outlet pressure was
defined by a calibration process and based on bibliography standard values,
therefore the model is not an accurate reproduction of all experimental conditions. The
gas density measurements were conducted without the use of the turbomolecular pump,
in a higher chamber pressure than the one that LWFA experiments are conducted. The
pressure was kept below 10™* mbar.

In Figure 6-10 the measured density profiles for Nozzles 2, 3 and 4, for gas He
at 40 bar, 400 um downstream each nozzle’s exit is plotted. The profiles of Nozzles
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2 (blue line) and 4 (yellow line) are similar to the simulated ones, presented in Figure
4-17, while Nozzle 3 (orange line) has a totally different trend.
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Figure 6-10: Particle density profiles for Nozzles 2 (blue line), 3 (orange line) and 4 (yellow line),

400 um downstream each nozzle exit for gas He, at 40 bar backing pressure.

6.3 RESULTS FOR NON-AXISYMMETRIC NOZZLES

Figure 6-11: Bottom: Section view of NS1. Initially consists of a cylindrical areq, elongated as an ellipse
from one side and rectangular from the other side. Top: Side view of NS1 exit.
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Besides the axisymmetric nozzles previously presented, 3 additional non-
axisymmetric nozzles have been designed and 3D-prined; their design layouts are
included in Appendix B (NS 1,2 &3). These nozzles initially follow the geometry of the
valve, creating a cylindrical area, which then is elongated at one direction, destined to
be the laser propagation axis, creating an ellipse. This ellipse is abruptly cut from one
side, creating a rectangular surface, as can be seen in Figure 6-11.

Figure 6-12: a) The experimental setup during interferometry experiments. The optics necessary to
realize a Nomarski interferometer, as described in Figure 5-8, are highlighted. The base design, together
with the long and stiff metallic pipe was annulling the ability to turn the nozzle at will. b) Nozzle AS1
and the phase shifts obtained at 0°,47°,70°,90°.

Here the results for nozzle NS1 are presented. The Nomarsky interferometry
setup, described in section 5.4, was used. To further proceed for tomography, multiple
interferograms obtained in equidistant angles were necessary. The simultaneous
measurement for multiple angles would have created a complex optical setup,
consisting of multiple similar optical paths; thus, we acquired the data from one optical
path, by rotating the gas jet assembly. In Figure 6-12 the experimental chamber is
depicted. The valve was connected to the gas high pressure container through a metallic
pipe, which was difficult to rotate at will. Thus, after rotating, the obtained angles were
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measured to be at 0°,47°,70°, and 90°. The images had to be carefully cropped with
respect to the valve centre and finally, their phase shifts, shown in Figure 6-12, were
interpolated in equidistant angles. Then, the convolution procedure was applied, to
obtain phase shifts along sections vertical to the initial projections. Finally, density was
calculated as explained in paragraph 5.4.3.

The results shown in Figure 6-13 are particle density contour maps at
200,400, 600 and 800 um downstream the nozzle’s exit for N2 at 30 bar backing
pressure. In Figure 6-14 (left) density profiles are plotted for all the above distances
along the black line noted at the 200 um contour map of Figure 6.13 (which is assumed
to be the laser path for the LWFA experiments). The density profile of the symmetric
Nozzle 2, for N2 at 30 bar backing pressure 200 um downstream the nozzle exit is
also displayed. In this case, the profile of Nozzle 2 has been extracted using a different
method that averages left and right phase shift values, which totally vanishes any

asymmetry.
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Figure 6-13: Density contour maps downstream the non-symmetric nozzle for N2 at 30 bar backing
pressure 200,400, 600, and 800 um downstream the nozzle exit.
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Figure 6-14: (Left) N2 density profiles for 30 bar backing pressure along the black line displayed in
Figure 6.8 ot 200um, corresponding to the laser propagation direction for
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200,400,600, and 800 um downstream the exit of Nozzle NS 1 and N2 density profile for 30 bar
backing pressure 200 um downstream the exit of Nozzle 2. (Right) density along the grey line displayed
in Figure 6.8 at 200 um for 200,400, 600, and 800 um downstream the exit of Nozzle NS 1.

As expected, a higher density area is formed, while the peak density is
dropping by a down-ramp with approximately 500 um length. After that lies a
constant, lower-density area. Finally, the peak density of Nozzle NS 1 is higher than
the one provided by Nozzle 1 at the same distance downstream their exit. Also, in
Figure 6-14 (right) density profiles are plotted for all the aforementioned distances
along the grey line noted at the contour map of 200 um at Figure 6-13. Along this
line, the profiles remain symmetrical with respect to the nozzle centre. The results of this
study are included in (Andrianaki et al., 2022b).
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Figure 6-15: Density profiles at 200 (blue), 400 (green), 600 (yellow) and 800 (magenta) um
downstream the exit of NS 1 along the black line noted at the 200 um contour map of Figure 6-13. The
density decreases by increasing the distance. Although pressure increases from 35 to 50 bar peak
density remains almost unchanged.

In Figure 6-15 density profiles are plotted at 200 (blue), 400 (green), (yellow)
and 800 (magenta) um downstream the exit of NS 1 along the black line noted at the
200 um contour map of Figure 6-13, which is assumed to be the laser path for the
LWFA experiments. As a general observation, the down-ramp form is reproduced,
however strong density fluctuations are measured, and the density doesn’t increase by
increasing backing pressure. This was unexpected, and therefore we plan to conduct
additional measurements by improving the experimental setup.

In this context, a new base design was proposed. As it can be seen in Figure 6-
16 (left), the exact rotation of the nozzle each 30 degrees, can be implemented using
the proposed base design. This provides the opportunity to reposition the nozzle alone
accurately and obtain 6 equidistant projections, without applying any unwanted tension
to the metallic pipe. In addition, the design proposed at Figure 6-16 (right), is suitable
for more than 12 equidistant projections.
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Figure 6-16: New base designs for asymmetrical nozzles. The designs are suitable for rotation at will in
6 or more equidistant angles, without rotating the gas jet assembly.
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Chapter 7: LWFA experimental results by
varying gas density profile

The role of the gas density profile in LWFA experiments has been extensively
discussed. A set of nozzles suitable for LWFA experiments were designed, constructed
and evaluated. In this chapter the results of LWFA experiments, for various density
profiles, are presented and discussed. The aim is to achieve control over the electron
source characteristics, such as energy, and energy spread. This will permit to provide a
tuneable electron source, suitable for various applications. Preliminary results of this
work have already been published in (Grigoriadis et al., 2022).

Main Beamn (800 nm}
Probe Beam

Electron Beam

545 nm light {Lanex screen)

Optical
Diagnostics

Figure 7-1: Layout of the experimental chamber during the LWFA experiments. Laser Zeus is driven and
focused above the gas nozzle. The generated electron beam travels along the laser propagation
direction and crosses the magnetic spectrometer. The electrons, dispersed according to their energy, are
imaged on a scintillating screen. The probe beam travels perpendicular to the interaction areaq, to image
the plasma channel formed by the interaction via shadowgraphy technique.

In Figure 7-1 the layout of the experimental chamber during the experiments is
displayed. The description of the main equipment and diagnostics has already been
presented in section 5.3. In brief, the laser arrives via a vacuum tube and is driven to
the off-axis parabolic mirror, which focuses the beam to about 30 um diameter. When
the laser arrives at the focus the gas exhausts, via the gas jet assembly and electrons
via the LWFA mechanism are produced. The electrons are deflected according to their
energy, using the MS. The plasma formed is imaged via shadowgraphy method.

Experiments of section 7.1 to 7.3 were conducted with He-gas for 3 different
geometry nozzles (Nozzles O, 1, and 2), while the resulting electron spectra for the
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source operating at the optimum backing pressure, for each nozzle are presented.
Additionally, PIC simulation results for Nozzles 1 and 2, as well as for the non-
axisymmetric nozzle NS 1 (section 7.4), are presented.

Experiments of section 7-6 were conducted with lower laser power and Nozzle
2, with gas N2 for a range of backing pressures. The resulting electron energy spectra
are mainly discussed, in the context of an electron source with some tunability.

7.1 NOZIZLEO

Nozzle 0 is an axisymmetric, cylindrical nozzle of 800 um exit diameter. It was
constructed by gluing a commercial medical metallic needle to a 3D-printed base and
is displayed in Figure 7-2 c). This nozzle was initially the unique available for the LWFA
experiments. The optimum operating pressure was found experimentally to be at
12 bar, its density profile is illustrated in (Grigoriadis et al., 2022), with a peak neutral
density at 2 X 10'° ¢m™3. The laser energy was measured to be 1], the pulse
duration 24 fs, and the focal spot diameter at FWHM 30 um, resulting to a peak of
1.3 X 101 W /cm?.

=
o
N

Number of Electrons

||
o
<)
=
°

o
2
8
@
3
®
8

Electron Energy (MeV)

pC / pixel

Divergence(mrad)
o

R
=

40 60

80 100 120 140 160 180 200
Energy (MeV)

Figure 7-2: a) Electron energy spectra for 5 shots using Nozzle O (shots 1-5 from top to bottom). b)
Spectra projection to the energy axis. The Semi-monoenergetic beams are produced with high stability.
c) Picture of Nozzle 0.

In Figure 7-2 a) the energy and angular divergence electron spectra of 5
consecutive shots and their projection to the energy axis (Figure 7-2 b)) are displayed.

Electrons beam energy is centred around 50 — 55 MeV and the energy spread

is AE/E < 20 %. In addition, the beam angular divergence is around 10 mrad. The

reproducibility of the electron spectrum is remarkable.

7.2 NOZZLE1

Nozzle 1, designed by the author of this dissertation, has been extensively
discussed in the previous chapters. lts performance in LWFA experiments at 40 bar
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backing pressure is presented here. lts density profile, although not measured on-line,
corresponds to the one presented in Figure 6-7 (top). The laser energy was measured
to be 900 m/, the pulse duration 25 f's, and the focal spot diameter at FWHM 30 um,
while laser intensity was relatively lower, 10 W /cm?.

As depicted in Figure 7-3 a) and b), higher electron energies are achieved by
using Nozzle 1 compared to Nozzle O (Figure 7.2). For instance, shots 4 and 5 are

respectively centred at 76 and 97 MeV and their energy spread is also AE/E < 20 %.

The charge of the beams measured using Nozzle 1 is lower. Also, the angular
divergence of the beam is not stable.
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Figure 7-3: a) Electron energy spectra for 5 shots using Nozzle 1 (shots 1-5 from top to bottom). b)
Spectra projection to the energy axis. ¢) shadowgram at the end of the interaction. The plasma channel
has broken into sub-channels at the higher intensity area.

In Figure 7-3 ¢) a typical shadowgram obtained during the experiment is presented.
For the shadowgram the delay was set at the end of the interaction, when the laser
pulse has already crossed all the gas exhausted. We notice that the channel formed,
has multiple breaks into smaller channels, especially at the central nozzle area, where
the laser intensity is higher.

7.2.1 PIC simulations for Nozzle 1

PIC simulations were also conducted for Nozzle 1. The standard simulation setup,
which has been found to approximate laser Zeus by previous PIC simulations, is utilized
(Grigoriadis, Andrianaki, Tazes, et al.,, 2023; Tazes et al.,, 2020). The complete
description of the electric field of a Gaussian pulse linearly polarized at the x-y plane,
with laser parameters set to be 1] energy, 25 fs pulse duration at FWHM are used,
to apply a “simple laser” boundary condition at the left side of the computational
domain, while the other sides are set as open. The computational domain size was set
to 120 x 100 um, longer along the laser propagation axis, discretized by 2400 x 500
cells respectively, providing a higher resolution at this direction. Five macroparticles,
shaped by 3 order particle shape function per cell, were used. The target profile

depicted in Figure 6-7 at 500 um downstream the nozzle exit is approximated
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according to Figure 7-4 top, as fully ionized He, a justified approximation, as He s
already fully ionized by the prepulse.
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Figure 7-4: PIC simulation results for Nozzle 1. The density profile for 40 bar backing pressure was
approximated as fully ionized He (top left). In sub-plots A), to D) the snapshots of the plasma density,
when the laser has crossed points A to D in the density profile, are plotted. At B) the beam is broken into
beamlets, which drive additional waves. In the main accelerating structure of B), we see injected electron
bunches, which further accelerate at C) and D), resulting in a wide energy spectrum with 3 distinct peaks
(top right).

In Figure 7-4 A) - D), the plasma density is displayed, with A) to D), marked on
the target profile symbolizing the position of the target profile at which the laser is
arriving at each snapshot. In A) the laser drives several wakes, while in B) the laser
beam breaks into smaller beamlets on both sides of the main beam, a phenomenon
known as filamentation (Andreev et al.,, 2007; Thomas et al.,, 2007), which is a laser
plasma modulation as already discussed in section 3.6.3. As illustrated, the beamlets
drive additional, weaker wakes, and the remnant of the main beam drives the basic
accelerating structure. In C) and D) the additional wakes preserve their structure, and
no injection is occurring. On the other hand, at B), the central bubble structure driven by
the main beam is elongated at the laser propagation direction, due to the plasma
density decrease. This facilitates injection by lowering the injection threshold, thus
several electron bunches have been injected in the bubble, acquiring energy.
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According to (Thomas et al.,, 2007) filamentation is happening when the focal
length is short, so as that wy < A, resulting in broad electron spectra. Both wy and 4,

vary during the simulation, wy due to self-focusing and A, is a function of plasma

density, which represents a non-uniform profile. As discussed in paragraph 3.6.3,
filamentation may be also attributed to laser beam imperfections, however this is not
the case at the simulation setup.

Here, the electron spectra obtained by the simulations is wide, with 3 distinct
peaks centred at 60 MeV, another centred at 225 MeV/ and a smaller one centred at

325 MeV. The maximum energy expected is at 375 MeV. The simulated energies
exceed the experimental by far.

7.3 NOZZLE 2

Nozzle 2 has been utilized most frequently in IPPL experiments. Here its
performance in LWFA experiments is discussed. In the results presented here operating
backing pressure was set at 35 bar and the laser intensity was calculated to be
1.1 X 101° W /cm?2.

In Figure 7-5 a) and b) the spectra achieved with Nozzle 2 are presented. All
shots have large energy spread, achieving energies up to 170 MeV/. Shot 4 has also a
distinct peak centered at 122 MeV. The energy spectra obtained are well

reproducible. In addition, the angular divergence of the beams is smaller than for the
other nozzles.
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Figure 7-5: Electron energy spectra for 5 shots using Nozzle 2. High energy spread, high-energy beams
are produced with good stability. b) Spectra projection to the energy axis. ¢) Shadowgram at the end
of the interaction. The plasma channel is uniform.

7.3.1 Nozzle 2 - PIC simulations results

The laser setup is set as described in Section 7.2.1. The target profile is
approximated according to Figure 7-6 top, as fully ionized He.

In A) - D), the plasma density is displayed, and A) to D) are marked points at the
density profile, indicating the position that the laser arrives at each snapshot. At A)
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several wakes are formed. At B) the first and second bubble are elongated after
travelling in a density down-ramp, and electrons have been injected in both. At C) and
D) only the first bubble expands more, while the second one progressively vanishes.
Finally, electron bunches injected from B) and also later, are accelerated by the first
bubble. Maximum energy values are not obtained, as the energy window was limited
up to 400 MeV to reduce computational resources. A wide energy spectrum with some
more populated areas is revealed. The simulated energies exceed the experimental
by far.
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Figure 7-6: PIC simulations results for Nozzle 2. The density profile for 40 bar backing pressure was
approximated (top left). The resulting electron spectrum is plotted (top-right). In sub-plots A to D the
snapshots of the plasma density when the laser has crossed points A to D in the density profile are plotted.
First and second bubbles are elongated at B), where injection starts. In C) and D) the first bubble still
expands in the longitudinal direction and injection continues.

7.4 NOZZLE NS 1 2D-PIC SIMULATIONS

The NS 1 is the next one to be tested in LWFA experiments. As illustrated in
Figure 1-4, its density profile is interesting, as it follows the description of a down-ramp
profile, with the additional low-density plateau, which is preferred for acceleration.
Here, performed PIC simulations are presented, approximating its density profile from
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Figure 6-14 as fully ionized He, as can be seen in Figure 7-7 top. The laser parameters
were set as in the above cases. The symbolism follows the previous PIC results.

In this case, we may notice that for the first time, in B) the first bubble formed is
not yet elongated, as the down-ramp density area has not been reached, and injection
has not occurred yet. However, at C), which is approximately the end of the ramp, the
bubbles are elongated, and electrons are injected. For NS 1 injection is localized, as
no further injection is noticed in D). The electrons are efficiently accelerated and exceed
the energy window limit. Their spectrum is wide, with a distinct peak at 100 MeV.
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Figure 7-7: PIC simulations results for NS 1. The density profile used for fully ionized He was utilized (top
left). The resulting electron spectrum is plotted (top-right). In sub-plots A) to D) the snapshots of the plasma
density, when the laser has crossed points A to D in the density profile, are plotted. The first bubble
formed is elongated at C), where electrons are injected. In D) the bubble is additionally stretched but no
further injection occurs.

7.5 REMARKS

Nozzles 0,1 and 2 which provide different gas profiles result to different electron
beam characteristics. Examining only the gas profile length, we notice that by increasing
the gas jet length, the electron energy is increased. This would continue up to several
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limits, such as the bunch dephasing length, the laser pump depletion, and the diffraction
limitation, discussed in section 3.8.

PIC simulation results overestimated the maximum energy expected in comparison
to the experimental results for both cases. However, the electron energy range
increases by increasing gas jet length, which was qualitatively reproduced by the PIC
results. The channels imaged by shadowgrams of Nozzles 1 and 2 are significantly
different. Channel of Nozzle 1 contains an extensive break into smaller channels. These
formations may be attributed to the laser filamentation revealed also by PIC
simulations.

The gas profiles of experiments with Nozzles 1 and 2 were measured to be far
from uniform. In this study the exact profiles were simulated, which all contain density
drops and could be characterized as parabolic. According to our simulation results, for
both cases the density drop after the first peaks, served as down-ramps, where the
plasma wavelength increased, the condition for wave breaking was fulfilled, and
injection happened afterwards. As already discussed, the LWFA is further optimized
when the down-ramp area is followed by a low-density plateau, where electrons will
efficiently accelerate. On the contrary, density of Nozzles 1 and 2 increases after the
ramps. In (Brijesh et al., 2012; Faure et al., 2010) they report that parabolic density
profiles, created using a machining beam served in the same way, without reporting
any influence of the second density peak. According to our PIC simulations, the existence
of the second peak didn’t manifest any specific detrimental or beneficial behavior too.

Finally, NS 1 provides a density profile designed for the optimization of
acceleration after injection in a down-ramp. The comparison between Nozzle 1 and NS
1 is not so easy, as filamentation also affected the bubble evolution. Comparing the
simulated electron spectra for Nozzle 2 and NS 1, electrons with wide energy spread
are expected in both cases. However, for NS 1 lower number of electrons and a distinct
high energy peak is expected.

7.6 N, TARGET-PRESSURE SCAN

During this experimental campaign gas N2 was examined with Nozzle 2. As
discussed in section 3.7.1, in this case together with the self-injection, ionization injection
mechanism is also taking place. Especially for N2, assuming that in the high laser intensity
field will dissociate and behave like atoms, the intensity necessary to ionize the 5 outer
electrons of N atom is I, ~101® W /cm?, while for the 2 inner electrons, I, >
101 W /cm? is needed (Fill, 1994). This may occur only due to self-focusing effect, as
explained in section 3.6.1, as the laser energy during this experiment was measured to
be at 570 m/, resulting to a peak intensity I, ~1018 W /cm?.

A parametric study for various backing pressures was conducted to characterize
the electron source. The corresponding N2 density at a distance 1.1 mm downstream
the nozzle exit, location at which the shots were conducted, for 30, 35,40 and 45 bar
backing pressure, is plotted in Figure 7-8 left. The gas density measurements were
conducted off-line, while the shadowgraphy setup was set during the experiment. In 7-
8 right, the representative shadowgrams for each backing pressure are displayed. The
channels formed, similarly to the one of 7-3 (c) present an extensive break, which is
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slightly elongated as the backing pressure increases. Based on the channel formations,
we speculate that laser filamentation occurred.

4e+18

2e+18

particle density (/cm-3)

distance (mm)

Figure 7-8: left) The shadowgrams at the end of the interaction for 30 — 45 bar backing pressure. The
length of the break noticed, increases with backing pressure increase. Right) The N2 density profiles for

Nozzle 2 at a distance 1.1 mm downstream the nozzle exit, for 30 — 45 bar backing pressure,
measured with interferometry technique off-line.

In Figure 7-9 4 sets of 4 representative electron spectra for each backing
pressure are presented. Due to experimental limitations, the minimum electron energy
recorded at the camera was 36 MeV. We notice that in many cases we possibly lost
an important part of the low-energy spectrum.

Below 30 bar no electrons were detected. At 30 bar beams of lower charge,
with narrow angular divergence, were mainly noticed. In the most cases, semi-
monoenergetic peaks were produced. At 35 bar, higher number of electrons are
recorded, and their spectra and angular divergence are wider. Comparing these
spectra to those of Figure 7-5 a), which were produced with gas He at 35 bar backing
pressure and significantly higher laser energy, one notices that maximum energy
achieved is reduced by over 50 MeV.
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Figure 7-9: 4 representative electron spectra for 30, 35,40 and 45 bar backing pressure. At 30 bar
lies the injection threshold, where high energy - low charge beams were detected.

As the backing pressure increases, we notice at 40 bar for the first time, but
also more repetitively at 45 bar, that the electrons lose their characteristic beam form
and a continuum form is recorded, which is highly populated, with a very high angular
divergence, exceeding detectors limits. In a similar experiment (Mangles et al., 2007 a)
they characterize this population as dark current. Also, there is a smaller but significant
number of high-energy electrons. This continuum behaviour may be attributed to the
beam loading effect. Beam loading takes place when the charge of the bunch is so high
that modifies the accelerating field, resulting in lower quality bunch characteristics
(Couperus et al., 2017). In addition, according to the results of (W. Li et al., 201 3), the
wide angular divergence spectra obtained in for higher backing pressure, may also be
attributed to the acceleration of electrons by more than one filaments.
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Figure 7-10: Mean total charge, mean maximum energy, and mean saturated maximum energy of
electrons produced with an N2 gas target for 30 — 45 bar backing pressure. Charge increases
significantly with backing pressure and creates the beam loading effect.

In Figure 7-10 mean total charge, mean maximum energy, and mean saturated
maximum energy are plotted for 30 bar (12 shots), 35 bar (8 shots), 40 bar (10 shots),
and 45 bar (8 shots). Although the mean saturated maximum energy reduced as
expected, mean maximum energy increases, due to the continuum, lower charge
spectrum.

Only PIC simulations in a non-fully pre-ionized plasma would clarify the
contribution of ionization injection in the overall injection, however not conducted, due
to their high demand for computational power. Given the density profiles of Figure 7-
8 the density down-ramp may also be contributed to the injection, according to the
previous discussion.

The experiment was conducted with the laser performing within the low energy
regime. The electron source is far from optimized, especially in the high-pressure
regime, where the beam characteristics are eliminated by the presence of the continuum
spectrum. However, in some cases the high charge is a desired characteristic. Many
studies are now conducted, aiming to manipulate the beam loading effect to improve
the performance of LWFA (Couperus et al., 2017; Rechatin et al., 2010).
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Chapter 8: X-ray Betatron identification
experiment

Betatron x-ray beams are mainly considered a possible candidate for x-ray
imaging. Moreover, they are examined as a non-invasive additional diagnostic for the
LWFA evolution. In (Corde et al., 2012) they report to use Betatron beams to retrieve
information about the wavebreaking, the electron injection location and whether the
electron beam achieved the acceleration limits. Such valuable information can guide
further steps for the creation of a tunable electron source.

In this context, in the year 2020, we modified the experimental LWFA setup to
study simultaneously the relativistic electron spectra and Betatron-type x-ray radiation
profiles, using various gases (He, N2, Ne, and Ar). The main findings of this study have
been published in (Grigoriadis et al., 2021).

In this chapter, the preliminary experiment for Betatron radiation identification is
discussed. An experiment aiming to distinguish Betatron radiation from other x-ray
production mechanisms (Corde et al., 2013) and identify its special characteristics was
conducted, while the corresponding results are presented here and were reported in
(Andrianaki et al., 2020)

8.1 THE BETATRON RADIATION IDENTIFICATION SETUP

The experimental setup is a modification of the one used in LWFA experiments. As a
gas target, Nozzle 2 and He gas were used. According to (Rousse et al., 2004) along
the laser and electron propagation radiation, a soft x-ray beam with low angular
divergence is expected. This beam is produced when LWFA electrons wiggle
transversely in the bubble, thus the conditions for efficient LWFA must be fulfilled.

To detect the x-ray signal, two pin-diodes, shielded for noise in the experimental
chamber, were used. The diodes were filtered by Al foil of 4.5 um thickness, selected
to block photons with energy < 1 keV/, according to the transmission curve presented
in Figure 5-13. The diodes were positioned at the same distance from the x-ray source,
D1 in a KF-40 flange, at the laser propagation direction, where the Betatron radiation
was expected, while the second one, D2 was placed under various angles (the results
presented here correspond to the angle perpendicular to the laser propagation
direction) thus, the simultaneous detection of x-rays in various directions outwards the
interaction region was obtained. The Al filter was mounted on a KF40 O-ring and
placed in the tube for D1, while for D2 special care was taken at the design of the
shielding case. As seen in Figure 8-1, a bypass tube was installed to permit pumping in
the back side of the filter. To deflect the electron beam produced via the LWFA
mechanism from the D1 active areaq, the pair of magnets used for MS was utilized.
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Main Beam (800 nm)
Electron Beam

545 nm light (Lanex screen)
Betatron Radiation

Figure 8-1: Layout of the experimental chamber during the Betatron radiation identification experiment.
Laser Zeus is driven and focused above the gas nozzle. Laser final focusing optic (off-axis parabola)
and the gas jet assembly are placed on a motorized base, permitting the source to move as a whole
along the green array from —4 to 4 mm. Two photodiodes D1 and D2 are set, D1 at the laser
propagation direction, D2 under various angles placed at the same distance from the source. The electron
beam generated travels along the laser propagation direction and crosses the magnetic field of the
spectrometer, which deflects them out of the active area of D1. The photodiodes were appropriately
shielded and filtered from photons with energy below 1 keV, as presented in section 5.5.
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Figure 8-2: Quantum efficiency of D1 and D2 for stable photon source.

The two diodes were initially cross-calibrated, using a stable photon source (the
secondary beam of laser Zeus) for their time response and their quantum efficiency.
Their quantum efficiency was significantly different as can be seen in Figure 8-2, and
the one with the lower value was selected as D1, as higher signals were expected at
this direction. As the active area of the photodiodes is large, a metallic pinhole of 2 mm
diameter was placed in front of D1. The pin-diodes were triggered by the secondary
beam of laser Zeus, a few ns before the interaction, and their signals were acquired
using an ultrafast oscilloscope.
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8.2 PRESSURE SCAN

For this experiment, the laser energy was measured to be 900 m/, the pulse
duration 26 fs, and the focal spot diameter around FWHM 30 um, resulting to a peak
intensity of 1.03 X 101° W/cm2. Betatron radiation is a non-linear effect and is
produced when LWFA conditions are fulfilled. As already discussed, the operating
backing pressure range of a LWFA source is limited. Thus, we varied backing pressure
applied at the gas valve from 15 to 42 bar, and the signals recorded from diodes D1
and D2 are presented in Figure 8-3. In D2 the signal increased by increasing backing
pressure. In D1 the signal was countable only for 30, 35 and 42 bar. With the setup
presented in Figure 8-1 the simultaneous measurement of electron spectrum was
excluded, thus, based on our previous findings discussed in section 7.1.3, where the
LWFA experimental results for Nozzle 2 operating with He were presented, we
concluded that under similar conditions (gas He, similar laser intensity), the optimum
electron source operating pressure was found to be at 35 bar. The signal in D1 is further
increased for 42 bar. Although Betatron x-rays are produced by electrons accelerated
in the wakefield, their number and critical energy is increased with the density, (relations
3.45 and 3.46), thus their yield is optimized under different conditions, as also shown
in Figure 1-3, adopted from (Wood et al., 2017) and in (Ferri et al., 2018), where they
used two consecutive gas jets, of significantly different gas density, to tune separately
the LWFA and Betatron process.
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Figure 8-3: Signal (V) with respect to time for D1 (bottom) and D2 (top). In D1 the signal is distinguished
from noise for a backing pressure higher than 35 bar.

Integrating the signal over time and using the cross-calibration factor, as also
taking into account the active area of each photodiode, the signal with respect to the
backing pressure applied at the gas valve was calculated and plotted in Figure 8-4.
Signal in D2 (top) increases linearly with the backing pressure, while a non-linear
behavior is noticed for D1 (bottom).
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Integrated signal (a.u.) over time is plotted with respect to backing pressure applied to the

Figure 8-5: The signal over time recorded by D2 (left) and D1 (right) for source translation from 4 to —
1mm (67 to — 17 mrad) with respect to D1 centre. Signal in D2 is not affected by the source
translation, while signal in D1 is dropping by increasing the angle.
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According to the bibliography, Betatron radiation is expected to be a low-
divergence, directional X-ray beam (Corde et al., 201 3; Rousse et al., 2004). D1 was
fixed in a KF-40 flange at the centre of a blind ISO 200 port. The gas jet assembly
together with the focused laser beam, namely the x-ray source, were positioned in
motorized stages, thus were able to move perpendicular to the center of D1 on both
sides. Representative signals recorded at D1 (right) and D2 (left) by translating the
source position over a 4 mm from both sides with respect to the center of DI,
corresponding to viewing angle from 0 to £67 mrad, are plotted in Figure 8-5. The
signal at D2 is independent from the source position, although translated covering a
large distance, while the signal at D1 is maximum at the center and drops significantly
as the source is moving to both sides.

Integrating the total signal over time and using the cross-calibration factor, as
also taking into account the active area of each photodiode, the total signal with respect
to the source translation is plotted in Figure 8-6. Signal in D2 remains unaffected while
the signal in D1 reveals its directionality.
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Figure 8-6: Integrated signal over time for D1 and D2, with respect to the translation position of the x-
ray source relative to D1 centre.

An x-ray beam, co-propagating with the laser is recognized. Considering the
directionality and the non-linear behavior with respect to backing pressure, this signal
is attributed to the laser plasma Betatron-type radiation expected. The x-ray signal
recorded in large angles, with respect to the laser beam direction, was unaffected by
the x-ray source translation and was increasing linearly with the gas backing pressure.
This signal is primarily attributed to the non-linear Thomson scattering (Corde et al.,
2013).

For further investigation of Betatron Radiation, e.g., to obtain information about
the number of x-ray photons and their spatial distribution is feasible by using a 2D
detector. Thus, after the preliminary experiment, where we established the nature of
the x-ray source at the laser propagation direction, we removed the photodiodes and
placed at D1 position a Raptor Eagle XO CCD camera, able to capture visible, extreme
UV and x-ray photons. The camera was also filtered from photons with energy <
1 keV. In this case we also modified the ISO 200 port, to simultaneously detect the
spectrum of the electron beam produced. By this setup the 2D x-ray beam profile was
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recorded. This study aimed to investigate how Betatron Radiation was affected by
modifying the laser energy and by replacing He by multi-electron targets, namely the
role effect of ionization injection mechanism and was extensively presented in
(Grigoriadis Anastasios, 2023). The experimental results were also well reproduced by
computationally demanding PIC simulations and are expected to be published soon.
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Chapter 9: Conclusions and perspectives

In IPPL a relativistic electron source and an x-ray Betatron source have been
established. To obtain controllability over the electron beam characteristics, which also
define Betatron beam characteristics, a study for the influence of gas density profile in
LWFA experiments is presented. The idea to design, manufacture and use our own
nozzles, mainly based on CFD simulations, was realized. The designs were based on the
existing gas valve, thus taking advantage of its geometrical features; additional
(mainly) conical geometries were designed, to create as an integrated design, a CD
nozzle geometry. This served also to omit the construction of the smallest feature of a
CD nozzle, the throat, which would be very difficult to be accurately 3D-printed. The
feasibility of the proposed concept, i.e. of designing and constructing only the divergent
part of the nozzle by 3D printing (being far simpler, cheaper, and accurate than
constructing additionally the throat region), was proved. The produced gas density
profiles proved more than adequate for the performed LWFA experiments.

CFD simulations is a precious tool, which delivered reliable results, for a set of
modified De-Laval type nozzles. The physical model proposed was counter-examined
with other models and the importance of the use of a real gas equation of state was
highlighted. The simulations presented in this dissertation are for 2D axisymmetric
nozzles. However, non-axisymmetric nozzles have been also designed, thus 3D
simulations are necessary for their assessment. Although some have been already
conducted, a fine mesh, necessary to capture the smallest flow features, such as shocks,
is not yet developed.

The 3D-printing manufacturing technology was tested. The nozzles were
successfully manufactured, despite small defects which were noticed. The SLA
technology proved to be the most reliable. The nozzle cost and delivering time was
small. Interferometry was used to evaluate the gas density profiles and the results were
mostly in good agreement with the corresponding CFD simulations.

The tomography technique was applied, to measure the profiles of the non-
axisymmetric nozzles. The base of the non-axisymmetric nozzles was also re-designed,
providing the opportunity for capturing multiple equidistant interferograms. In this way
we aim to obtain more accurate gas density profiles. Also, the symmetrical nozzles will
be examined via tomography to obtain accurate density profiles for them too.

Most of the density profiles for axisymmetric Nozzles 1-4 were peaked at the
edges, while they present a density drop at the middle. The profile is reproducible for
a wide range of backing pressures and distances from the nozzles exit. Their profile
could be characterized as almost parabolic.

Nozzle 5 is a special case, where a diamond like shock in developed far
downstream its exit. This nozzle is destined for experimental conditions at which the gas
jet assembly should be positioned lower than the usual, or for a case where a density
profile peaked at the middle is desired.

The non-axisymmetric Nozzle NS1 provided a high-density area, followed by
a down-ramp and a plateau region. This profile, according to the bibliography and an
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initial PIC study, is suitable for LWFA acceleration with down-ramp injection. We are
already planning the following experimental campaign to study its performance. Apart
from the interesting electron density profile expected, according to the simulations the
basic advantage reported by many groups is its reproducibility, which can be
examined only experimentally.

According to our experimental findings, there is a tunability provided using
different density profiles. In the experiments presented in Chapter 7, the maximum
energy, as well as the energy spread increased by increasing the nozzle length. The
high energy spread of the electron beam is typically addressed as a drawback.
However, a reproducible high energy-range beam can be further manipulated to
discriminate and utilize selected energy electrons (Park et al., 2016).

The pressure range of operation of Nozzle 2 with gas N2, in the low laser
energy laser regime was examined. The pressure threshold is at 30 bar, and for
operation over 40 bar the electrons lose their beam-like characteristics, and «a
continuum spectrum is obtained. Also, the number of electrons was increased by more
than a factor of two by using nozzle 2 with gas N2 under low energy and high backing
pressure conditions. The exact contribution of the ionization injection mechanism is not
clear without the conduction of PIC simulations.

The Betatron x-ray radiation was identified for the first time in IPPL. The non-
linear increase of the signal with backing pressure and the dependence on the x-ray
source position demonstrated the production of a Betatron-type source.

Based on the established electron and x-ray source, multiple experimental
investigations will follow. Examining in more detail laser plasma interactions, and the
resulting particle beams, several diagnostics will be established to provide more
understanding of the mechanisms. The setup of an online interferometer and the use of
another ultrafast (7y < 7fs) laser beam, available at IPPL, will provide time evolution
information about the plasma density during the experiments. Also, the use of an
additional scintillating screen, located before the magnetic field together with an
additional imaging system, will permit to capture the pointing characteristics of the
electron beam shot to shot. This is necessary to record electron beam pointing stability.
Moreover, by establishing online laser diagnostics, the correlation of the laser, plasma
and resulting electron beam characteristics will help to map the interaction with more
precision and proceed with methods for active stabilization of the accelerator,
according to (Maier et al., 2020).

In addition, more information about the Betatron beam is necessary. The x-ray
energy spectrum should be measured; thus, an x-ray spectrometer must be constructed.
The operating principle will be based on the Ross filter, where the use of multiple
metallic filters, which present different transmission, are positioned at the same plane,
covering different part of the x-ray beam, creating “photon energy windows” (Albert
et al.,, 2013). The multi um thickness filters have already been purchased and they will
be established in a specially designed base before the chip of the x-ray CCD camera,
along the Betatron beam direction.

In the gas target areaq, apart from examining the NS nozzles, another idea is
the replacement of the gas jet assembly with an adjustable length gas cell. According
to (Prencipe et al., 2017) this may drive in higher electron energy and more
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reproducible results. To create the appropriate gas density profile using a gas cell,
CFD simulations should be conducted.

Finally, the existence of a relativistic electron source and a coherent x-ray beam
is a great achievement, and the controllability of this source is valuable for potential
applications. For instance, as the fruitful collaboration with the group of the Medical
School of Crete and the University Hospital of Crete keeps going, the electron beam
will be used to irradiate cancer cells as a next step. In addition, the laser produced
Betatron radiation can serve as a probe in other laser-based experiments. In this case,
as the two beams come from the same laser, synchronization will be simpler.

Chapter 9: Conclusions and perspectives 107






Appendices

0 Appendices 109



Appendix A

Mesh independence study

A mesh independence study took place for the CFD simulations. When the number
of mesh nodes increases, the computational cost increases too. This is why the
coarsest mesh capable of resolving a problem is preferred. In many cases, a
simulation converges in terms of residuals, but the results are dependent on the mesh
size and nodes’ positions. This is why a mesh independence study is necessary, at
least for one specific run. After that, the sizing of the mesh can be adopted for the
rest (similar) simulations. The mesh independence study was conducted for Nozzle
1.

After this study, the mesh was selected to consist of 1084653 nodes and 1080794
elements. The study presented here considers a coarse (~500.000 nodes), a medium
(~700.000), and a high resolution (~2.000.000) mesh. The simulation set-up
described in section 4.3, for He gas at 40 bar backing pressure and 1 mbar at the
outlet are used. A variable, in our case gas density, calculated at specific positions
is used as a monitor parameter.

The corresponding density profiles for the 4 utilized meshes 200 pm downstream
the nozzle exit, after the simulations reached convergence, are plotted in Figure 9-
1. In Figure 9-2 the relative difference among each mesh with the selected-one are
plotted, along the same line. The relative difference between the selected mesh and
the one with the higher resolution is less than 1%, assuring that mesh independence
is achieved; namely the results didn’t undergo any significant change by altering
the mesh, providing enough confidence for the simulation results.
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Figure 0-1: Particle density 200 um over the nozzle exit for Nozzle 1, with gas He at 40 bar backing

pressure.
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Nozzle drawings

112 0 Appendices



D2

Il

0

L 1 LIl 1

[
o
[__|

1

33.80

D0 T S AT R

A o
Nozzle 1 .
3 2 1
0 Appendices 113



|'.- :|-
|
i !

Dl A i LI ETERS BEAL Seiad? D} WO SCALE DAASTHG: b

Ad

Nozzle 2

=l oAzl BEENCF |

114 0 Appendices



"
)

1RO

I2aD 0T SC AL DR A Wi EEWEION

A

Nozzle 3

=T SCAE=2L DEITIORN

0 Appendices 115



1.50

__Ed.?fi

i
Y.

33.80

Farat
()

D D B AE DG LW B

Ad

Nozzle 4

=G SCRLEED SHETT N O

116 0 Appendices



=
AL

UKLED OTHERWEE SPECFED: : =

DRERSEONS SEE I RLUETERS -

MAE —

- — - DWCE WO,

Ad

Nozzle 5

4 3 i |

0 Appendices -



@

']

A 50

EEEINIE ININIIN]] o

LS OGRS FUCFED: | Aelic CERMEE AT
Cababadaliedd .25 i sALLIPACIGES AL SHE ks — B

NS_1 ™

Lo SosE] SHEE 1D

118 0 Appendices



I_@E}_@_I '
ESI ol 3
N~ | ' '
<t | ] @ , %
D, D
Qod |
. _ _
4.87
2.86
C '} %“
[N ]
B
Nes - -
o NS_Q Al
4 mn3 - 2 - 1

0 Appendices 119



) 33.80

P
W

D% e ST ALE Ddwirele

NS_3

Ad

SHED 1O |

120

0 Appendices



Funding

03-07/2019

Participation in the project ‘ELI—LASERLAB Europe Synergy, HiPER & IPERION-
CH.gr’ (MIS 50027 35) which is implemented under the Action ‘Reinforcement of
the Research and Innovation Infrastructure’, funded by the Operational
Programme ‘Competitiveness, Entrepreneurship and Innovation’ (NSRF 2014-
2020) and co-financed by Greece and the European Union (European Regional
Development Fund).

L
& enavek20i2020 = EXTA
ERAHIKH ARMCHPATIA ENIXEIPHEIAKO NPOTPAMMA
ANARITYENG Al ENEMAYEEGN ANTAFONIZTIKOTHTA =g 2014-2020
EIAIKH TPANMATEIA ALAXEIPIZME Enl,‘EIFHMgﬂKOTHTﬂ S
Eupuwnaiki Evieon MPOTEAMMATON ETNA & TE KAINOTOMIA avtimnsén - epyecia - elinleyyin

Eupinding Tauck
Negrpromuosdc Avdntuing

Me tn ouyxpnuatodotnon tng EAMadag kai tng Evpwnaikng Evwang

02/2020 -05/21

Participation in research that was co-financed by Greece and the European Union
(European Social Fund-ESF) through the Operational Programme <<Human
Resources Development, Education and Lifelong Learning 2014-2020>> in the
context of the project “Development and optimization of the betatron-type

radiation source induced by ulta-intense laser electromagnetic fields” (MIS No.
5048172).

i = ELIA
Operational Programme -
Human Resources Development, = 2014-2020
Education and Lifelong Learning oo
European Union
European Soclal Fund Co-financed by Greece and the European Union

05/22-09/23

The implementation of the doctoral thesis was co-financed by Greece and the
European Union (European Social Fund-ESF) through the Operational Programme
«Human Resources Development, Education and Lifelong Learning® in the
context of the Act “Enhancing Human Resources Research Potential by undertaking
a Doctoral Research” Sub-action 2: IKY Scholarship Programme for PhD candidates
in the Greek Universities.

—
Operational Programme —’ EZ"A
Human Resources Development, =pa 2014-2020
Education and Lifelong Learning

Evpwmaikn Evwon
European Social Fund Co-financed by Greece and the European Union

0 Funding 121



122 0 Funding



Bibliography

Akhiezer, A. I., & Polovin, R. V. (1956). Theory of wave motion of an electron plasma.
Soviet Phys. JETP, 3.

Albert, F., Pollock, B. B., Chen, Y.-H., Alessi, D., Ralph, J. E., Michel, P. A., & Pak, A.
(2013). Betatron X-rays from a laser wakefield accelerator in the ionization
induced frapping regime.

Anderson, J. D. Jr. (2003). Modern Compressible Flow (3d ed.). Mc Graw Hill.
Andreev, N. E., Gorbunov, L. M., Mora, P., & Ramazashvili, R. R. (2007). Filamentation
of ultrashort laser pulses propagating in tenuous plasmas. Physics of Plasmas,

14(8). https://doi.org/10.1063/1.2768030

Andrianaki, G., Grigoriadis, A., Beni, s E., & Papadogiannis, N. (2020). Pointing
characteristics of x-rays generated by relativistic electron acceleration via 45
TW fs laser-He plasma. OSA Technical Digest (Optica Publishing Group, 2020).

Andrianaki, G., Grigoriadis, A., Skoulakis, A., Tazes, I., Mancelli, D., Fitilis, I., Dimitriou,
V., Benis, E. P., Papadogiannis, N. A., Tatarakis, M., & Nikolos, I. K. (2023).
Design, manufacturing, evaluation, and performance of a 3D-printed, custom-
made nozzle for laser wakefield acceleration experiments. Review of Scientific
Instruments, 94(10). https://doi.org/10.1063/5.0169623

Andrianaki, G., Grigoriadis, A., Tazes, ., Fitilis, I., Dimitriou, V., Benis, E. P., Nikolos, .
K., Papadogiannis, N. A., & Tatarakis, M. (2022a). Custom-made 3d printed
nozzles for Laser Wakefield Acceleration (LWFA) experiments in the Institute of
Plasma Physics and Lasers (IPPL). https://www.prusa3d.com

Andrianaki, G., Grigoriadis, A., Tazes, l., Fitilis, I., Dimitriou, V., Benis, E. P., Nikolos, .
K., Papadogiannis, N. A., & Tatarakis, M. (2022b). The design and performance
of an asymmetrical nozzle in Laser Wake Field electron acceleration. 48 Th EPS
Plasma Conference .

Aniculaesei, C. (2015). Experimental Studies of Laser Plasma Wakefield Acceleration.

Aniculaesei, C., Kim, H. T., Yoo, B. J., Oh, K. H., & Nam, C. H. (2018). Novel gas target
for laser wakefield accelerators. Review of Scientific Instruments, 89(2).
https://doi.org/10.1063/1.4993269

Aniculaesei, C., Pathak, V. B., Kim, H. T., Oh, K. H., Yoo, B. J., Brunetti, E., Jang, Y. H.,
Hojbota, C. I., Shin, J. H., Jeon, J. H,, Cho, S., Cho, M. H., Sung, J. H,, Lee, S. K.,
Hegelich, B. M., & Nam, C. H. (2019). Electron energy increase in a laser
wakefield accelerator using up-ramp plasma density profiles. Scientific Reports,
9(1). https://doi.org/10.1038/541598-019-47677-5

Ansys Inc (Ed.). (201 3). Ansys Fluent theory guide.

Arber, T. D., Bennett, K., Brady, C. S., Lawrence-Douglas, A., Ramsay, M. G.,
Sircombe, N. J., Gillies, P., Evans, R. G., Schmitz, H., Bell, A. R., & Ridgers, C. P.
(2015). Contemporary particle-in-cell approach to laser-plasma modelling. In
Plasma Physics and Controlled Fusion (Vol. 57, Issue 11). Institute of Physics
Publishing. https://doi.org/10.1088/0741-3335/57/11 /113001

Atkinson, D. B., & Smith, M. A. (1995). Design and characterization of pulsed uniform
supersonic expansions for chemical applications. Review of Scientific Instruments,
66(9), 4434—4446. https://doi.org/10.1063/1.1145338

Atzeni, S., Batani, D., Danson, C. N., Gizzi, L. A., Le Pape, S., Miquel, J. L., Perlado, M.,
Scott, R. H. H., Tatarakis, M., Tikhonchuk, V., & Volpe, L. (2022). Breakthrough at
the NIF paves the way to inertial fusion energy. Europhysics News, 53(1), 18-23.
https://doi.org/10.1051 /epn/2022106

Bibliography 123



Auluck, S., Kubes, P., Paduch, M., Sadowski, M. J., Krauz, V. I,, Lee, S., Soto, L., Scholz,
M., Miklaszewski, R., Schmidt, H., Blagoev, A., Samuelli, M., Seng, Y. S.,
Springham, S. V., Talebitaher, A., Pavez, C., Akel, M., Yap, S. L., Vermq, R,, ...
Laas, T. (2021). Update on the Scientific Status of the Plasma Focus. In Plasma
(Vol. 4, Issue 3, pp. 450-669). MDPI.
https://doi.org/10.3390/plasma4030033

Bingham, R., Mendonga, J. T., & Shukla, P. K. (2004). Plasma based charged-particle
accelerators. In Plasma Physics and Controlled Fusion (Vol. 46, Issue 1).
https://doi.org/10.1088/0741-3335/46/1 /R0O1

Bolton, P. R., Parodi, K., & Schreiber J. (2018). Applications of Laser-Driven Particle
Acceleration. http:/ /taylorandfrancis.com

Brandi, F., Giammanco, F., Conti, F., Sylla, F., Lambert, G., & Gizzi, L. A. (2016). Note:
Real-time monitoring via second-harmonic interferometry of a flow gas cell for
laser wakefield acceleration. Review of Scientific Instruments, 87(8).
https://doi.org/10.1063/1.4960399

Brijesh, P., Thaury, C., Phuog, K. T., Corde, S., Lambert, G., Malka, V., Mangles, S. P.
D., Bloom, M., & Kneip, S. (2012). Tuning the electron energy by controlling the
density perturbation position in laser plasma accelerators. Physics of Plasmas,
19(6). https://doi.org/10.1063/1.4725421

Buck, A., Wenz, J., Xy, J., Khrennikov, K., Schmid, K., Heigoldt, M., Mikhailova, J. M.,
Geissler, M., Shen, B., Krausz, F., Karsch, S., & Veisz, L. (2013). Shock-front
injector for high-quality laser-plasma acceleration. Physical Review Letters,
110(18). https://doi.org/10.1103/PhysRevLett.110.185006

Bulanov, S., Naumova, N., Pegoraro, F., & Sakai, J. (1998). Particle injection into the
wave acceleration phase due to nonlinear wake wave breaking.

Chen, F. F. (1983). Introduction to Plasma Physics and Controlled Fusion (third).
Springer.

Chen, L. M., Yan, W. C,, Li, D. Z., Hu, Z. D., Zhang, L., Wang, W. M., Hafz, N., Mao, J.
Y., Huang, K., Ma, Y., Zhao, J. R., Ma, J. L, Li, Y. T., Ly, X, Sheng, Z. M., Wei, Z.
Y., Gao, J., & Zhang, J. (201 3). Bright betatron X-ray radiation from a laser-
driven-clustering gas target. Scientific Reports, 3.
https://doi.org/10.1038 /srep01912

Clark, E. L., Grigoriadis, A., Petrakis, S., Tazes, l., Andrianaki, G., Skoulakis, A.,
Orphanos, Y., Kaselouris, E., Fitilis, I., Chatzakis, J., Bakarezos, E., Dimitriou, V.,
Benis, E. P., Papadogiannis, N. A., & Tatarakis, M. (2021). High-intensity laser-
driven secondary radiation sources using the ZEUS 45 TW laser system at the
Institute of Plasma Physics and Lasers of the Hellenic Mediterranean University
Research Centre. High Power Laser Science and Engineering, 9.
https://doi.org/10.1017 /hpl.2021.38

Clark, E. L., Krushelnick, K., Davies, J. R., Zepf, M., Tatarakis, M., Beg, F. N., Machacek,
A., Norreys, P. A, Santala, M. I. K., Watts, |., & Dangor, A. E. (2000).
Measurements of Energetic Proton Transport through Magnetized Plasma from
Intense Laser Interactions with Solids.

Cole, J. M., Wood, J. C,, Lopes, N. C,, Poder, K., Abel, R. L., Alatabi, S., Bryant, J. S. J.,
Jin, A., Kneip, S., Mecseki, K., Symes, D. R., Mangles, S. P. D., & Najmudin, Z.
(2015). Laser-wakefield accelerators as hard x-ray sources for 3D medical
imaging of human bone. Scientific Reports, 5.
https://doi.org/10.1038 /srep13244

Conner, B. P., Manogharan, G. P., Martof, A. N., Rodomsky, L. M., Rodomsky, C. M.,
Jordan, D. C., & Limperos, J. W. (2014). Making sense of 3-D printing: Creating
a map of additive manufacturing products and services. Additive Manufacturing,
1, 64-76. https://doi.org/10.1016 /j.addma.2014.08.005

124 Bibliography



Corde, S., Ta Phuog, K., Lambert, G., Fitour, R., Malka, V., Rousse, A., Beck, A., &
Lefebvre, E. (2013). Femtosecond x rays from laser-plasma accelerators. Reviews
of Modern Physics, 85(1), 1-48. https://doi.org/10.1103 /RevModPhys.85.1

Corde, S., Thaury, C,, Phuoc, K. T., Lifschitz, A., Lambert, G., Lundh, O., Brijesh, P.,
Arantchuk, L., Sebban, S., Rousse, A., Faure, J., & Malka, V. (2012). Betatron
emission as a diagnostic for injection and acceleration mechanisms in laser
plasma accelerators. Plasma Physics and Controlled Fusion, 54(12).
https://doi.org/10.1088/0741-3335/54/12/124023

Couperus, J. P., Kéhler, A., Wolterink, T. A. W., Jochmann, A., Zarini, O., Bastiaens, H.
M. J., Boller, K. J., Irman, A., & Schramm, U. (2016). Tomographic
characterisation of gas-jet targets for laser wakefield acceleration. Nuclear
Instruments and Methods in Physics Research, Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 830, 504-509.
https://doi.org/10.1016/j.nima.2016.02.099

Couperus, J. P., Pausch, R., Kéhler, A., Zarini, O., Kramer, J. M., Garten, M., Huebl, A.,
Gebhardt, R., Helbig, U., Bock, S., Zeil, K., Debus, A., Bussmann, M., Schramm, U.,
& Irman, A. (2017a). Demonstration of a beam loaded nanocoulomb-class laser
wakefield accelerator. Nature Communications, 8(1).
https://doi.org/10.1038/s41467-017-00592-7

Couperus, J. P., Pausch, R., Kéhler, A., Zarini, O., Kramer, J. M., Garten, M., Huebl, A.,
Gebhardt, R., Helbig, U., Bock, S., Zeil, K., Debus, A., Bussmann, M., Schramm, U.,
& Irman, A. (2017b). Demonstration of a beam loaded nanocoulomb-class laser
wakefield accelerator. Nature Communications, 8(1).
https://doi.org/10.1038/s41467-017-00592-7

Cros, B. (2014). Laser-driven plasma Wakefield: Propagation effects. CAS-CERN
Accelerator School: Plasma Wake Acceleration 2014, Proceedings, 207-230.
https://doi.org/10.5170/CERN-2016-001.207

Dawson, J. M. (1959). Electron Oscillations in a Cold Plasma (Vol. 113, Issue 2).
Nonlinear.

Decker, C. D., Mori, W. B., Tzeng, K. C,, & Katsouleas, T. (1996). The evolution of
ultra-intense, short-pulse lasers in underdense plasmas. Physics of Plasmas, 3(5),
2047-2056. https://doi.org/10.1063/1.872001

Dépp, A., Guillaume, E., Thaury, C., Gautier, J., Ta Phuoc, K., & Malka, V. (2016). 3D
printing of gas jet nozzles for laser-plasma accelerators. Review of Scientific
Instruments, 87(7). https://doi.org/10.1063/1.4958649

Ekerfelt, H., Hansson, M., Gallardo Gonzdlez, I., Davoine, X., & Lundh, O. (2017). A
tunable electron beam source using trapping of electrons in a density down-
ramp in laser wakefield acceleration. Scientific Reports, 7(1).
https://doi.org/10.1038/541598-017-12560-8

Esarey, E., Schroeder, C. B., & Leemans, W. P. (2009). Physics of laser-driven plasma-
based electron accelerators. Reviews of Modern Physics, 81(3), 1229-1285.
https://doi.org/10.1103 /RevModPhys.81.1229

Fan-Chiang, L., Mao, H. S, Tsai, H. E., Ostermayr, T., Swanson, K. K., Barber, S. K.,
Steinke, S., Van Tilborg, J., Geddes, C. G. R., & Leemans, W. P. (2020). Gas
density structure of supersonic flows impinged on by thin blades for laser-plasma
accelerator targets. Physics of Fluids, 32(6).
https://doi.org/10.1063/5.0005888

Faure, J. (2014). Plasma injection schemes for laser-plasma accelerators. CAS-CERN
Accelerator School: Plasma Wake Acceleration 2014, Proceedings, 143—157.
https://doi.org/10.5170/CERN-2016-001.143

Faure, J., Rechatin, C., Lundh, O., Ammoura, L., & Malka, V. (2010). Injection and
acceleration of quasimonoenergetic relativistic electron beams using density

Bibliography 125



gradients at the edges of a plasma channel. Physics of Plasmas, 17(8).
https://doi.org/10.1063/1.3469581

Faure, J., Rechatin, C., Norlin, A,, Lifschitz, A., Glinec, Y., & Malka, V. (2006).
Controlled injection and acceleration of electrons in plasma wakefields by
colliding laser pulses. Nature, 444(7120), 737-739.
https://doi.org/10.1038 /nature05393

Ferri, J., Corde, S., D6pp, A., Lifschitz, A., Doche, A., Thaury, C., Ta Phuoc, K., Mahieu,
B., Andriyash, I. A., Malka, V., & Davoine, X. (2018). High-Brilliance Betatron y -
Ray Source Powered by Laser-Accelerated Electrons. Physical Review Letters,
120(25). https://doi.org/10.1103/PhysRevLett.120.254802

Fill, E. E. (1994). Focusing limits of ultrashort laser pulses: analytical theory (Vol. 11).

Fitilis, 1., Grigoriadis, A., Tazes, ., Petrakis, S., Andrianaki, G., Dimitriou, V.,
Bakarezos, E., Benis, E. P., Tsiapa, I., Boursianis, T., Kalaitzakis, G., Bontzos, G.,
Liakopoulos, D., Pappas, E., Detorakis, E., Clark, E. L., Maris, T. G.,
Papadogiannis, N. A., & Tatarakis, M. (n.d.). Polymer-gel radiation dosimetry of
laser-based relativistic electron sources for biomedical applications.
www.ippl.hmu.gr

Fourmaux, S., Kieffer, J.-C., & Krol, A. (2017). Ultrahigh resolution and brilliance laser
wakefield accelerator betatron x-ray source for rapid in vivo tomographic
microvasculature imaging in small animal models . Medical Imaging 2017 :
Biomedical Applications in Molecular, Structural, and Functional Imaging, 10137,
1013715. https://doi.org/10.1117/12.2255080

Franquet, E., Perrier, V., Bruel, P., & Gibout, S. (2015). Review on the underexpanded
jets Greenhouse thermal design View project Thermal storage for eco-efficient
process View project Free underexpanded jets in a quiescent medium: A Review.
https://doi.org/10.13140/RG.2.1.2640.6883

Freeman Mark P., & Katz S. (1963). Determination of a Radiance-Coefficient Profile
from the Observed Asymmetric Radiance Distribution of an Optically Thin
Radiating Medium,. Journal of Optical Society of America, 15.

Geddes, C. G. R,, Toth, C,, Van Tilborg, J., Esarey, E., Schroeder, C. B., Bruhwiler, D.,
Nieter, C., Cary, J., & Leemans, W. P. (2004a). High-quality electron beams
from a laser wakefield accelarator using plasma-channel guiding. Nature,
431(7008), 538-541. hitps://doi.org/10.1038 /nature02900

Geddes, C. G. R, Toth, C., Van Tilborg, J., Esarey, E., Schroeder, C. B., Bruhwiler, D.,
Nieter, C., Cary, J., & Leemans, W. P. (2004b). High-quality electron beams
from a laser wakefield accelarator using plasma-channel guiding. Nature,
431(7008), 538-541. hitps://doi.org/10.1038 /nature02900

Gibbon, P. (2005). Short pulse laser interactions with matter: an infroduction. Imperial
College Press.

Golovin, G., Banerjee, S., Chen, S., Powers, N,, Liv, C,, Yan, W., Zhang, J., Zhang, P.,
Zhao, B., & Umstadter, D. (2016). Control and optimization of a staged laser-
wakefield accelerator. Nuclear Instruments and Methods in Physics Research,
Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 830,
375-380. https://doi.org/10.1016/j.nima.2016.06.022

Golovin, G., Chen, S., Powers, N,, Liu, C., Banerjee, S., Zhang, J., Zeng, M., Sheng, Z.,
& Umstadter, D. (2015). Tunable monoenergetic electron beams from
independently controllable laser-wakefield acceleration and injection. Physical
Review Special Topics - Accelerators and Beams, 18(1).
https://doi.org/10.1103/PhysRevSTAB.18.011301

Gonsalves, A. J., Nakamura, K., Daniels, J., Benedetti, C., Pieronek, C., De Raadt, T. C.
H., Steinke, S., Bin, J. H., Bulanov, S. S., Van Tilborg, J., Geddes, C. G. R,,
Schroeder, C. B., Téth, C,, Esarey, E., Swanson, K., Fan-Chiang, L., Bagdasarov,
G., Bobrova, N., Gasilov, V., ... Leemans, W. P. (2019). Petawatt Laser Guiding

126 Bibliography



and Electron Beam Acceleration to 8 GeV in a Laser-Heated Capillary
Discharge Waveguide. Physical Review Letters, 122(8).
https://doi.org/10.1103/PhysRevLett.122.084801

Gonsalves, A. J., Nakamura, K., Lin, C., Panasenko, D., Shiraishi, S., Sokollik, T.,
Benedetti, C., Schroeder, C. B., Geddes, C. G. R, Van Tilborg, J., Osterhoff, J.,
Esarey, E., Toth, C., & Leemans, W. P. (2011). Tunable laser plasma accelerator
based on longitudinal density tailoring. Nature Physics, 7(11), 862-866.
https://doi.org/10.1038 /nphys2071

Gordon, D. F., Hafizi, B., Hubbard, R. F., Pefiano, J. R., Sprangle, P., & Ting, A. (2003).
Asymmetric Self-Phase Modulation and Compression of Short Laser Pulses in
Plasma Channels. Physical Review Letters, 20(21), 4.
https://doi.org/10.1103/PhysRevLett.90.215001

Grigoriadis, A., Andrianaki, G., Fitilis, I., Dimitriou, V., Clark, E. L., Papadogiannis, N.
A., Benis, E. P., & Tatarakis, M. (2022). Improving a high-power laser-based
relativistic electron source: The role of laser pulse contrast and gas jet density
profile. Plasma Physics and Controlled Fusion, 64(4).
https://doi.org/10.1088/1361-6587 /ac4b06

Grigoriadis, A., Andrianaki, G., Tatarakis, M., Benis, E. P., & Papadogiannis, N. A,
(2021). Betatron-type laser-plasma x-ray sources generated in multi-electron
gas targets. Applied Physics Letters, 118(13).
https://doi.org/10.1063/5.0046184

Grigoriadis, A., Andrianaki, G., Tatarakis, M., Benis, E. P., & Papadogiannis, N. A.
(2023). The role of laser chirp in relativistic electron acceleration using multi-
electron gas targets. Plasma Physics and Controlled Fusion, 65(4).
https://doi.org/10.1088/1361-6587 /acbb25

Grigoriadis, A., Andrianaki, G., Tazes, l., Dimitriou, V., Tatarakis, M., Benis, E. P., &
Papadogiannis, N. A. (2023). Efficient plasma electron accelerator driven by
linearly chirped multi-10-TW laser pulses. Scientific Reports, 13(1), 2918.
https://doi.org/10.1038/541598-023-28755-1

Grigoriadis Anastasios. (2023). Acceleration of Electrons to Relativistic Velocities Using
an Ultra-Intense Laser [PhD]. University of loannina.

Guillaume, E., Dépp, A., Thaury, C., Lifschitz, A., Grittani, G., Goddet, J., Tafzi, A.,
Chou, S. W., Veisz, L., Malka, V., & Electron, al. (2015a). Electron Rephasing in a
Laser-Wakefield Accelerator.
https://doi.org/10.1103 /PhysRevLett.115.1550027

Guillaume, E., Dépp, A., Thaury, C., Lifschitz, A., Grittani, G., Goddet, J., Tafzi, A.,
Chovu, S. W., Veisz, L., Malka, V., & Electron, al. (2015b). Electron Rephasing in a
Laser-Wakefield Accelerator.
https://doi.org/10.1103 /PhysRevLett.115.1550027

Hafz, N., Lee, H. J., Kim, J. U,, Kim, G. H., Suk, H., & Lee, J. (2003). Femtosecond X-
Ray Generation via the Thomson Scattering of a Terawatt Laser From Electron
Bunches Produced From the LWFA Utilizing a Plasma Density Transition. IEEE
Transactions on Plasma Science, 31(6 1), 1388—-1394.
https://doi.org/10.1109/TPS.2003.820680

Haines, M. G. (2011). A review of the dense Z-pinch. In Plasma Physics and Controlled
Fusion (Vol. 53, Issue 9). https://doi.org/10.1088,/0741-3335/53/9/093001

Hansson, M., Aurand, B., Davoine, X., Ekerfelt, H., Svensson, K., Persson, A., Wahlstrém,
C. G., & Lundh, O. (2015). Down-ramp injection and independently controlled
acceleration of electrons in a tailored laser wakefield accelerator. Physical
Review Special Topics - Accelerators and Beams, 18(7).
https://doi.org/10.1103/PhysRevSTAB.18.071303

He, Z. H., Thomas, A. G. R., Beaurepaire, B., Nees, J. A, Hou, B., Malka, V.,
Krushelnick, K., & Faure, J. (201 3). Electron diffraction using ultrafast electron

Bibliography 127



bunches from a laser-wakefield accelerator at kHz repetition rate. Applied
Physics Letters, 102(6). https://doi.org/10.1063/1.4792057

Hemker, R. G., Hafz, N. M., & Uesaka, M. (2002). Computer simulations of a single-
laser double-gas-jet wakefield accelerator concept. Physical Review Special
Topics - Accelerators and Beams, 5(4), 8—15.
https://doi.org/10.1103/PhysRevSTAB.5.041301

Henares, J. L., Puyuelo-Valdes, P., Hannachi, F., Ceccotti, T., Ehret, M., Gobet, F.,
Lancig, L., Marqués, J. R., Santos, J. J., Versteegen, M., & Tarisien, M. (2019).
Development of gas jet targets for laser-plasma experiments at near-critical
density. Review of Scientific Instruments, 20(6).
https://doi.org/10.1063/1.5093613

Herman, G. T. (1980). Image Reconstruction from Projections. The Fundamentals of
Computerized Tomography. Academic Press.

Hidding, B., Beaton, A., Boulton, L., Corde, S., Doepp, A., Habib, F. A., Heinemann, T.,
Irman, A., Karsch, S., Kirwan, G., Knetsch, A., Manahan, G. G., de laOssa, A. M.,
Nutter, A., Scherkl, P., Schramm, U., & Ullmann, D. (2019). Fundamentals and
applications of hybrid LWFA-PWFA. Applied Sciences (Switzerland), 2(13).
https://doi.org/10.3390/app9132626

Hipp, M., Woisetschlager, J., Reiterer, P., & Neger, T. (2004). Digital evaluation of
interferograms. Measurement: Journal of the International Measurement
Confederation, 36(1), 53-66.
https://doi.org/10.1016 /j.measurement.2004.04.003

https: / /aerospaceweb.org. (n.d.).

https: / /henke.lbl.gov /optical_constants/. (n.d.).

https: / /home.cern/science /accelerators /future-circular-collider. (n.d.).

https:/ /ippl.hmu.gr/. (n.d.). Https://lppl.Hmu.Gr/.

https: / /www.engineeringtoolbox.com/. (n.d.).

https: / /www.engineeringtoolbox.com /refractive-index-d_1264.html. (n.d.).

https: / /www.engineersedge.com. (n.d.).

https: / /www.spectra-physics.com /en /f /synergy-femtosecond-oscillator. (n.d.).

Https:/ /Www.Spectra-Physics.Com/En/f/Synergy-Femtosecond-Oscillator.

Huang, K, Li, Y. F., Li, D. Z., Chen, L. M., Tao, M. Z., Maq, Y., Zhao, J. R., Li, M. H., Chen,
M., Mirzaie, M., Hafz, N., Sokollik, T., Sheng, Z. M., & Zhang, J. (2016).
Resonantly Enhanced Betatron Hard X-rays from lonization Injected Electrons in a
Laser Plasma Accelerator. Scientific Reports, 6.
https://doi.org/10.1038 /srep27633

Hue, C., WAN, Y., Levine, E., & Malka, V. (2022). Control of electron beam current,
charge and energy spread using density downramp injection in laser wakefield
accelerators. http://arxiv.org/abs/2209.04853

Huntington, C. M., Thomas, A. G. R., McGuffey, C., Matsuoka, T., Chvykov, V.,
Kalintchenko, G., Kneip, S., Najmudin, Z., Palmer, C., Yanovsky, V., Maksimchuk,
A., Drake, R. P., Katsouleas, T., & Krushelnick, K. (201 1). Current filamentation
instability in laser wakefield accelerators. Physical Review Letters, 106(10).
https://doi.org/10.1103/PhysRevLett.106.105001

Inman, J. A., Danehy, P. M., Nowak, R. J., & Alderfer, d. W. (2009). The Effect of
Impingement on Transitional Behavior in Underexpanded Jets. 47th AIAA
Aerospace Sciences Meeting and Exhibit.

J. O. Hirschfelder, C. F. Curtiss, & R. B. Bird. (1954). Molecular Theory of Gases and
Liquids. John Wiley & Sons.

Jackson J. D. (1977). Classical Electrodynamics (Inc. John Wiley & Sons, Ed.).

Jackson, J. D., & Okun, L. B. (2001). Historical roots of gauge invariance.

Jinchuan JU. (201 3). Electron acceleration and betatron radiation driven by laser
wakefield inside dielectric capillary tubes. Universite Paris-Sud.

128 Bibliography



Joshi, C., Corde, S., & Mori, W. B. (2020). Perspectives on the generation of electron
beams from plasma-based accelerators and their near and long term
applications. In Physics of Plasmas (Vol. 27, Issue 7). American Institute of Physics
Inc. https://doi.org/10.1063/5.0004039

Kim, J. U., Hafz, N., & Suk, H. (2004). Electron trapping and acceleration across a
parabolic plasma density profile. Physical Review E - Statistical, Nonlinear, and
Soft Matter Physics, 69(2 2). https://doi.org/10.1103 /PhysRevE.69.026409

Kmecova, M., Sikula, O., & Kraicik, M. (2019). Circular Free Jets: CFD Simulations with
Various Turbulence Models and Their Comparison with Theoretical Solutions. IOP
Conference Series: Materials Science and Engineering, 47 1(6).
https://doi.org/10.1088/1757-899X /471 /6/062045

Kokurewicz, K., Brunetti, E., Welsh, G. H., Wiggins, S. M., Boyd, M., Sorensen, A,,
Chalmers, A. J., Schettino, G., Subiel, A., DesRosiers, C., & Jaroszynski, D. A.
(2019a). Focused very high-energy electron beams as a novel radiotherapy
modality for producing high-dose volumetric elements. Scientific Reports, 9(1).
https://doi.org/10.1038/541598-019-46630-w

Kokurewicz, K., Brunetti, E., Welsh, G. H., Wiggins, S. M., Boyd, M., Sorensen, A.,
Chalmers, A. J., Schettino, G., Subiel, A., DesRosiers, C., & Jaroszynski, D. A.
(2019b). Focused very high-energy electron beams as a novel radiotherapy
modality for producing high-dose volumetric elements. Scientific Reports, 9(1).
https://doi.org/10.1038/541598-019-46630-w

Kononenko, O., Lopes, N. C., Cole, J. M., Kamperidis, C., Mangles, S. P. D., Najmudin,
Z., Osterhoff, J., Poder, K., Rusby, D., Symes, D. R., Warwick, J., Wood, J. C,, &
Palmer, C. A. J. (2016). 2D hydrodynamic simulations of a variable length gas
target for density down-ramp injection of electrons into a laser wakefield
accelerator. Nuclear Instruments and Methods in Physics Research, Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 829, 125-129.
https://doi.org/10.1016/j.nima.2016.03.104

Kostyukov, I., Nerush, E., Pukhov, A., & Seredov, V. (2009). Electron self-Injection in
multidimensional relativistic-plasma wake fields. Physical Review Letters, 103(17).
https://doi.org/10.1103/PhysRevLett.103.175003

Kruer William. (2003). The Physics of Laser Plasma Ineractions. Westview Press.

Kurz, T., Couperus, J. P., Krdmer, J. M., Ding, H., Kuschel, S., Kéhler, A., Zarini, O.,
Hollatz, D., Schinkel, D., D’Arcy, R., Schwinkendorf, J. P., Osterhoff, J., Irman, A,,
Schramm, U., & Karsch, S. (2018). Calibration and cross-laboratory
implementation of scintillating screens for electron bunch charge determination. In
Review of Scientific Instruments (Vol. 89, Issue 9). American Institute of Physics Inc.
https://doi.org/10.1063/1.5041755

Labate, L., Palla, D., Panettq, D., Avellg, F., Baffigi, F., Brandi, F., Di Martino, F.,
Fulgentini, L., Giulietti, A., Késter, P., Terzani, D., Tomassini, P., Traino, C., & Gizzi,
L. A. (2020a). Toward an effective use of laser-driven very high energy
electrons for radiotherapy: Feasibility assessment of multi-field and intensity
modulation irradiation schemes. Scientific Reports, 10(1).
https://doi.org/10.1038/s41598-020-74256-w

Labate, L., Palla, D., Panettq, D., Avellg, F., Baffigi, F., Brandi, F., Di Martino, F.,
Fulgentini, L., Giulietti, A., Késter, P., Terzani, D., Tomassini, P., Traino, C., & Gizzi,
L. A. (2020b). Toward an effective use of laser-driven very high energy
electrons for radiotherapy: Feasibility assessment of multi-field and intensity
modulation irradiation schemes. Scientific Reports, 10(1).
https://doi.org/10.1038/541598-020-74256-w

Landgraf, B., Schnell, M., Svert, A,, Kaluza, M. C,, & Spielmann, C. (2011). High
resolution 3D gas-jet characterization. Review of Scientific Instruments, 82(8).

https://doi.org/10.1063/1.3624694

Bibliography 129



Laney, B. C. (1998). Computational Gasdynamics (first). Cambridge University Press.

Leemans, W. P., Nagler, B., Gonsalves, A. J., Téth, C., Nakamura, K., Geddes, C. G.
R., Esarey, E., Schroeder, C. B., & Hooker, S. M. (2006). GeV electron beams
from a centimetre-scale accelerator. Nature Physics, 2(10), 696—699.
https://doi.org/10.1038 /nphys418

Lemos, N., Albert, F., Shaw, J. L., Papp, D., King, P., Milder, A. L., Marsh, K. A,, Pak, A.,
Joshi, C., Polanek, R., Pollock, B. B., Hegelich, B. M., Moody, J. D., Park, J.,
Tommasini, R., Williams, G. J., & Chen, H. (2017). Bremsstrahlung x /gamma-ray
source driven by an electron beam from a self-modulated laser wakefield
accelerator Plasma Physics and Controlled Fusion Bremsstrahlung hard x-ray source
driven by an electron beam from a self-modulated laser wakefield accelerator.

Lemos, N., Lopes, N., Dias, J. M., & Violg, F. (2009). Design and characterization of
supersonic nozzles for wide focus laser-plasma interactions. Review of Scientific
Instruments, 80(10). https://doi.org/10.1063/1.3233895

Lennard-Jones, J. E. (1931). No. 240 COHESION.

Li, S., Hafz, N. A. M., Mirzaie, M., Elsied, A. M. M., Ge, X., Liy, F., Sokollik, T., Tao, M.,
Chen, L., Chen, M., Sheng, Z., & Zhang, J. (2014). Generation of electron beams
from a laser wakefield acceleration in pure neon gas. Physics of Plasmas, 21(8).
https://doi.org/10.1063/1.4892557

Li, W., Liy, J., Wang, W., Chen, Q., Zhang, H., Tian, Y., Zhang, Z., Qi, R., Wang, C,,
Leng, Y., Li, R., & Xu, Z. (201 3). Observation of laser multiple filamentation
process and multiple electron beams acceleration in a laser wakefield
accelerator. Physics of Plasmas, 20(11). https://doi.org/10.1063/1.4831759

Liv, C., Tripathi, V., & Eliasson, B. (2019). High-Power Laser-Plasma Interaction.
Cambridge University Press.

Liv, Q., Ma, M., Zhang, X., Zhao, B., Lv, C., Meng, X., Wang, Z., He, C., Tian, B., Xi, X.,
Liy, F., & Guo, B. (2021). Application of Nomarski interference system in
supersonic gas-jet target diagnosis. AIP Advances, 11(1).
https://doi.org/10.1063/5.0027317

Liv, Q. S., Mg, M. J., Zhao, B. Z., Zhang, X. H., Lv, C., Meng, X. H., Zhang, J., Ban, X. N.,
Wang, Z., Xi, X. F., Tian, B. X, He, C. Y., & Guo, B. (2021). Effect of multiple
parameters on the supersonic gas-jet target characteristics for laser wakefield
acceleration. Nuclear Science and Techniques, 32(7).
https://doi.org/10.1007 /s41365-021-00910-1

Lorenz, S., Grittani, G., Chacon-Golcher, E., Lazzarini, C. M., Limpouch, J., Nawaz, F.,
Nevrkla, M., Vilanova, L., & Levato, T. (2019). Characterization of supersonic
and subsonic gas targets for laser wakefield electron acceleration experiments.
Matter and Radiation at Extremes, 4(1), 015401.
https://doi.org/10.1063/1.5081509

Lu, W., Tzoufras, M., Joshi, C., Tsung, F. S., Mori, W. B., Vieirq, J.,, Fonsecq, R. A., &
Silva, L. O. (2007). Generating multi-GeV electron bunches using single stage
laser wakefield acceleration in a 3D nonlinear regime. Physical Review Special
Topics - Accelerators and Beams, 10(6).
https://doi.org/10.1103/PhysRevSTAB.10.061301

Maier, A. R., Delbos, N. M., Eichner, T., Hibner, L., Jalas, S., Jeppe, L., Jolly, S. W.,
Kirchen, M., Leroux, V., Messner, P., Schnepp, M., Trunk, M., Walker, P. A,,
Werle, C., & Winkler, P. (2020). Decoding Sources of Energy Variability in a
Laser-Plasma Accelerator. Physical Review X, 10(3).
https://doi.org/10.1103/PhysRevX.10.031039

Maiman T. H. (1960). Stimulated Optical Radiation in Ruby. Nature, 187, 493—-494.

Maksimchuk, A., Gu, S., Flippo, K., Umstadter, D., & Bychenkov, V. Y. (2000). Forward
lon Acceleration in Thin Films Driven by a High-Intensity Laser.

130 Bibliography



Malka, V. (2012). Laser plasma accelerators. Physics of Plasmas, 19(5).
https://doi.org/10.1063/1.3695389

Malka V. (201 3). Review of laser wakefield accelerators. IPAC .

Malka, V., Coulaud, C., Geindre, J. P., Lopez, V., Najmudin, Z., Neely, D., &
Amiranoff, F. (2000). Characterization of neutral density profile in a wide range
of pressure of cylindrical pulsed gas jets. Review of Scientific Instruments, 71(6),
2329-2333. https://doi.org/10.1063/1.1150619

Mangles, S. P. D. (2017). An Overview of Recent Progress in Laser Wakefield
Acceleration Experiments. https://doi.org/10.5170/CERN-2016-001.289

Mangles, S. P. D., Genoud, G., Bloom, M. S., Burza, M., Najmudin, Z., Persson, A.,
Svensson, K., Thomas, A. G. R., & Wahlstrom, C. G. (2012). Self-injection
threshold in self-guided laser wakefield accelerators. Physical Review Special
Topics - Accelerators and Beams, 15(1).
https://doi.org/10.1103/PhysRevSTAB.15.011302

Mangles, S. P. D., Murphy, C. D., Najmudin, Z., Thomas, A. G. R., Collier, J. L., Dangor,
A. E., Divall, E. J., Foster, P. S., Gallacher, J. G., Hooker, C. J., Jaroszynski, D. A,,
Langley, A. J., Mori, W. B., Norreys, P. A,, Tsung, F. S., Viskup, R., Walton, B. R.,
& Krushelnick, K. (2004). Monoenergetic beams of relativistic electrons from
intense laser-plasma interactions. Nature, 431(7008), 535-538.
https://doi.org/10.1038 /nature02939

Mangles, S. P. D., Thomas, A. G. R., Kaluza, M. C,, Lundh, O., Lindau, F., Persson, A.,
Najmudin, Z., Wahlstrém, C. G., Murphy, C. D., Kamperidis, C., Lancaster, K. L.,
Divall, E., & Krushelnick, K. (2006). Effect of laser contrast ratio on electron beam
stability in laser wakefield acceleration experiments. Plasma Physics and
Controlled Fusion, 48(12 B). https://doi.org/10.1088/0741-3335/48/12B/S08

Mangles, S. P. D., Thomas, A. G. R., Lundh, O., Lindau, F., Kaluza, M. C., Persson, A.,
Wahlstrém, C. G., Krushelnick, K., & Najmudin, Z. (2007 a). On the stability of
laser wakefield electron accelerators in the monoenergetic regime. Physics of
Plasmas, 14(5). hitps://doi.org/10.1063/1.2436481

Mangles, S. P. D., Thomas, A. G. R., Lundh, O,, Lindau, F., Kaluza, M. C., Persson, A.,
Wahlstrém, C. G., Krushelnick, K., & Najmudin, Z. (2007b). On the stability of
laser wakefield electron accelerators in the monoenergetic regime. Physics of
Plasmas, 14(5). https://doi.org/10.1063/1.2436481

Massimo, F., Lifschitz, F., Thaury, C., Malka, V., Lifschitz, A. F., Thaury, C., & Malka, V.
(2017). Plasma Physics and Controlled Fusion. 59(8), 10.
https://doi.org/10.1088/1361-6587 /aa717di

McGuffey, C., Thomas, A. G. R., Schumaker, W., Matsuoka, T., Chvykov, V., Dollar, F.
J., Kalintchenko, G., Yanovsky, V., Maksimchuk, A., Krushelnick, K., Bychenkov, V.
Y., Glazyrin, I. V., & Karpeev, A. V. (2010). lonization induced trapping in a
laser wakefield accelerator. Physical Review Letters, 104(2).
https://doi.org/10.1103/PhysRevLett.104.025004

Menter, F. R. (1994). Two-equation eddy-viscosity turbulence models for engineering
applications. AIAA Journal, 32(8), 1598-1605.
https://doi.org/10.2514/3.12149

Milonni Peter, & Eberley H.Joseph. (1988). Laser Physics (John Wiley & Sons, Ed.).

Mirzaie, M., Hafz, N. A. M., Li, S., Liy, F., He, F., Cheng, Y., & Zhang, J. (2015).
Enhanced electron yield from laser-driven wakefield acceleration in high-Z gas
jets. Review of Scientific Instruments, 86(10).
https://doi.org/10.1063/1.4931780

Mishra, S., Rao, B. S., Moorti, A., & Chakeraq, J. A. (2022). Enhanced betatron x-ray
emission in a laser wakefield accelerator and wiggler due to collective
oscillations of electrons. Physical Review Accelerators and Beams, 25(9).
https://doi.org/10.1103/PhysRevAccelBeams.25.090703

Bibliography 131



Mollica, F. (2016). Spécialité doctorale “Physique des plasmas” présentée et soutenue
publiquement par Ultra-intense laser-plasma interaction at near-critical density for
ion acceleration.

Mori, M., Kondo, K., Mizutq, Y., Kando, M., Kotaki, H., Nishiuchi, M., Kado, M.,
Pirozhkov, A. S., Oguraq, K., Sugiyama, H., Bulanov, S. V., Tanaka, K. A,,
Nishimura, H., & Daido, H. (2009). Generation of stable and low-divergence 10-
MeV quasimonoenergetic electron bunch using argon gas jet. Physical Review
Special Topics - Accelerators and Beams, 12(8).
https://doi.org/10.1103/PhysRevSTAB.12.082801

Mosburg Earl R., & Lojko Matthew S. (1968). Solution of the Able Integral Transform
for a cylindrical luminous region with optical distortions at its boundary.

Moulet, A., Grabielle, S., Cornaggia, C., Forget, N., & Oksenhendler, T. (2010).
Single-shot, high-dynamic-range measurement of sub-15 fs pulses by self-
referenced spectral interferometry.

Moulton, P. F. (1986). Spectroscopic and laser characteristics of Ti:A1 2 0 3 (Vol. 3).

Nakanii, N., Huang, K., Kondo, K., Kiriyama, H., & Kando, M. (2023). Precise pointing
control of high-energy electron beam from laser wakefield acceleration using an
aperture. Applied Physics Express, 16(2). https://doi.org/10.35848/1882-
0786/acb892

Pak, A., Marsh, K. A., Martins, S. F., Lu, W., Mori, W. B., & Joshi, C. (2010). Injection
and trapping of tunnel-ionized electrons into laser-produced wakes. Physical
Review Letters, 104(2). https://doi.org/10.1103 /PhysRevLett.104.025003

Park, J. 1., Ha, S. W., Kim, J. in, Lee, H., Lee, J., Kim, I. H., & Ye, S. J. (2016). Design
and evaluation of electron beam energy degraders for breast boost irradiation.
Radiation Oncology, 11(1). https://doi.org/10.1186/s13014-016-0686-7

Peng, D.-Y., & Robinson, B. D. (1976). A New Two-Constant Equation of State .
Industrial & Engineering Chemistry Fundamentals, 15, 59—64.

Prencipe, I., Fuchs, J., Pascarelli, S., Schumacher, D. W., Stephens, R. B., Alexander, N.
B., Briggs, R., Buscher, M., Cernaianu, M. O., Choukourov, A., De Marco, M., Erbe,
A., Fassbender, J., Fiquet, G., Fitzsimmons, P., Gheorghiu, C., Hund, J., Huang, L.
G., Harmand, M., ... Cowan, T. E. (2017). Targets for high repetition rate laser
facilities: Needs, challenges and perspectives. High Power Laser Science and
Engineering, 5. https://doi.org/10.1017 /hpl.2017.18

Pukhov, A., & Meyer-ter-Vehn, J. (2002). Laser wake field acceleration: The highly
non-linear broken-wave regime. Applied Physics B: Lasers and Optics, 7 4(4-5),
355-361. https://doi.org/10.1007 /s003400200795

Radon, J. (1986). On the Determination of Functions From Their Integral Values Along
Certain Manifolds. In IEEE TRANSACTIONS ON MEDICAL IMAGING (Vol. 5, Issue
4).

Rechatin, C., Faure, J., Davoine, X., Lundh, O., Lim, J., Ben-Ismail, A., Burgy, F., Tafzi,
A., Lifschitz, A., Lefebvre, E., & Malka, V. (2010). Characterization of the beam
loading effects in a laser plasma accelerator. New Journal of Physics, 12.
https://doi.org/10.1088/1367-2630/12/4/045023

Rousse, A., Ta Phuoc, K., Shah, R., Fitour, R., & Albert, F. (2007). Scaling of betatron X-
ray radiation. European Physical Journal D, 45(2), 391-398.
https://doi.org/10.1140/epjd/e2007-00249-7

Rousse, A., Ta Phuoc, K., Shah, R., Pukhov, A., Lefebvre, E., Malka, V., Kiselev, S.,
Burgy, F., Rousseau, J. P., Umstadter, D., & Hulin, D. (2004a). Production of a keV
X-ray beam from synchrotron radiation in relativistic laser-plasma interaction.
Physical Review Letters, 93(13).
https://doi.org/10.1103/PhysRevLett.93.135005

Rousse, A., Ta Phuoc, K., Shah, R., Pukhov, A., Lefebvre, E., Malka, V., Kiselev, S.,
Burgy, F., Rousseau, J. P., Umstadter, D., & Hulin, D. (2004b). Production of a keV

132 Bibliography



X-ray beam from synchrotron radiation in relativistic laser-plasma interaction.
Physical Review Letters, 93(13).
https://doi.org/10.1103/PhysRevLett.93.135005

Rovige, L., Huijts, J., Vernier, A., Andriyash, ., Sylla, F., Tomkus, V., Girdauskas, V.,
Raciukaitis, G., Dudutis, J., Stankevic, V., Gecys, P., & Faure, J. (2021). Symmetric
and asymmetric shocked gas jets for laser-plasma experiments.
https://doi.org/10.1063/5.0051173

Sarri, G., Warwick, J., Schumaker, W., Poder, K., Cole, J., Doriq, D., Dzelzainis, T.,
Krushelnick, K., Kuschel, S., Mangles, S. P. D., Najmudin, Z., Romagnani, L., M
Samarin, G., Symes, D., Thomas, A. G. R., Yeung, M., & Zepf, M. (2017). Spectral
and spatial characterisation of laser-driven positron beams. Plasma Physics and
Controlled Fusion, 59(1). https://doi.org/10.1088 /0741-3335/59/1/014015

Schmid, K. (2009). Supersonic Micro-Jets And Their Application to Few-Cycle Laser-
Driven Electron Acceleration.

Schmid, K., Buck, A., Sears, C. M. S., Mikhailova, J. M., Tautz, R., Herrmann, D.,
Geissler, M., Krausz, F., & Veisz, L. (2010). Density-transition based electron
injector for laser driven wakefield accelerators. Physical Review Special Topics -
Accelerators and Beams, 13(9).
https://doi.org/10.1103/PhysRevSTAB.13.091301

Schmid, K., & Veisz, L. (2012). Supersonic gas jets for laser-plasma experiments. In
Review of Scientific Instruments (Vol. 83, Issue 5).
https://doi.org/10.1063/1.4719915

Semushin, S., & Malka, V. (2001). High density gas jet nozzle design for laser target
production. Review of Scientific Instruments, 72(7), 2961-2965.
https://doi.org/10.1063/1.1380393

Shen, X., Wang, P., Liy, J., Kobayashi, T., & Li, R. (2017). Self-referenced spectral
interferometry for femtosecond pulse characterization. In Applied Sciences
(Switzerland) (Vol. 7, Issue 4). MDPI AG. https://doi.org/10.3390/app7040407

Slenczka, A., & Toennies, J. P. (2022). Molecules in Superfluid Helium Nanodroplets-
Topics in Applied Physics (Vol. 145). Springer. https://doi.org/10.1007 /97 8-3-
030-94896-2

Snavely, R. A., Key, M. H,, Hatchett, S. P., Cowan, T. E., Roth, M., Phillips, T. W.,
Stoyer, M. A., Henry, E. A,, Sangster, T. C., Singh, M. S., Wilks, S. C., Mackinnon,
A., Offenberger, A., Pennington, D. M., Yasuike, K., Langdon, A. B., Lasinski, B. F.,
Johnson, J., Perry, M. D., & Campbell, E. M. (2000). Intense High-Energy Proton
Beams from Petawatt-Laser Irradiation of Solids.

Strickland, D., & Mourou, G. (1985). COMPRESSION OF AMPLIFIED CHIRPED
OPTICAL PULSES * (Vol. 56).

Suk, H., Barov, N., Rosenzweig, J. B., & Esarey, E. (2001a). Plasma electron trapping
and acceleration in a plasma wake field using a density transition. Physical
Review Letters, 86(6), 1011-1014.
https://doi.org/10.1103/PhysRevLett.86.1011

Suk, H., Barov, N., Rosenzweig, J. B., & Esarey, E. (2001b). Plasma electron trapping
and acceleration in a plasma wake field using a density transition. Physical
Review Letters, 86(6), 1011-1014.
https://doi.org/10.1103/PhysRevLett.86.1011

Syllg, F., Veltcheva, M., Kahaly, S., Flacco, A., & Malka, V. (201 2). Development and
characterization of very dense submillimetric gas jets for laser-plasma
interaction. In Review of Scientific Instruments (Vol. 83, Issue 3).
https://doi.org/10.1063/1.3697859

Tajima, T., & Dawson, J. M. (1979). Laser Electron Accelerator (Vol. 4, Issue 4).

Bibliography 133



Tatarakis, M., Aliaga-Rossel, R., Dangor, A. E., & Haines, M. G. (1998). Optical
probing of fiber z-pinch plasmas. Physics of Plasmas, 5(3), 682—-691.
https://doi.org/10.1063/1.872778

Tazes, I.,, Ong, J. F.,, Tesileanu, O., Tanaka, K. A., Papadogiannis, N. A., Tatarakis, M.,
& Dimitriou, V. (2020). Target normal sheath acceleration and laser wakefield
acceleration particle-in-cell simulations performance on CPU & GPU architectures
for high-power laser systems. Plasma Physics and Controlled Fusion, 62(9).
https://doi.org/10.1088/1361-6587 /abal7a

Thaury, C., Guillaume, E., Lifschitz, A., Ta Phuoc, K., Hansson, M., Grittani, G., Gautier,
J., Goddet, J. P., Tafzi, A., Lundh, O., & Malka, V. (2015). Shock assisted
ionization injection in laser-plasma accelerators. Scientific Reports, 5.
https://doi.org/10.1038/srep16310

Thomas, A. G. R., Najmudin, Z., Mangles, S. P. D., Murphy, C. D., Dangor, A. E.,
Kamperidis, C., Lancaster, K. L., Mori, W. B., Norreys, P. A., Rozmus, W., &
Krushelnick, K. (2007). Effect of laser-focusing conditions on propagation and
monoenergetic electron production in laser-wakefield accelerators. Physical
Review Letters, 98(9). https://doi.org/10.1103 /PhysRevLett.98.095004

Tomkus, V., Girdauskas, V., Dudutis, J., Geéys, P., Stankevi¢, V., Radiukaitis, G.,
Gallardo Gonzdlez, I., Guénot, D., Svensson, J. B., Persson, A., & Lundh, O.
(2020). Laser wakefield accelerated electron beams and betatron radiation
from multijet gas targets. Scientific Reports, 10(1).
https://doi.org/10.1038/s41598-020-73805-7

Tsai, H. E., Swanson, K. K., Barber, S. K., Lehe, R., Mao, H. S., Mittelberger, D. E.,
Steinke, S., Nakamura, K., Van Tilborg, J., Schroeder, C., Esarey, E., Geddes, C.
G. R., & Leemans, W. (2018). Control of quasi-monoenergetic electron beams
from laser-plasma accelerators with adjustable shock density profile. Physics of
Plasmas, 25(4). https://doi.org/10.1063/1.5023694

Vargas, M., Schumaker, W., He, Z. H., Zhao, Z., Behm, K., Chvykov, V., Hou, B.,
Krushelnick, K., Maksimchuk, A., Yanovsky, V., & Thomas, A. G. R. (2014).
Improvements to laser wakefield accelerated electron beam stability,
divergence, and energy spread using three-dimensional printed two-stage gas
cell targets. Applied Physics Letters, 104(17).
https://doi.org/10.1063/1.4874981

Wilkes, J. A., Danehyt, P. M., & Nowakt, R. J. (2005). Fluorescence Imaging Study of
Transition in Underexpanded Free Jets.

Wilkes, J. A,, Glass, C. E., Danehy, P. M., & Nowak, R. J. (2006). Advanced Sensing
and Optical Measurement Branch. In AIAA Associate Fellow. § Research Scientist
(Vol. 493). AIAA Member.

Wong, K. V., & Hernandez, A. (2012). A Review of Additive Manufacturing. ISRN
Mechanical Engineering, 2012, 1-10. https://doi.org/10.5402/2012/2087 60

Wood, J. C., Chapman, D. J., Poder, K., Lopes, N. C., Rutherford, M. E., White, T. G.,
Albert, F., Behm, K. T., Booth, N., Bryant, J. S. J., Foster, P. S., Glenzer, S., Hill, E.,
Krushelnick, K., Najmudin, Z., Pollock, B. B., Rose, S., Schumaker, W., Scott, R. H.
H., ... Mangles, S. P. D. (2018). Ultrafast Imaging of Laser Driven Shock Waves
using Betatron X-rays from a Laser Wakefield Accelerator. Scientific Reports,
8(1). https://doi.org/10.1038/541598-018-29347-0

Wood, J. C, Poder, K,, Lopes, N. C,, Cole, J. M., Alatabi, S., Kamperidis, C., Mangles,
S. P. D., Sahdi, A., Najmudin, Z., Kononenko, O., Palmer, C. A. J., Foster, P.,
Rusby, D., Symes, D. R., Warwick, J. R., & Sarri, G. (2017). Enhanced Betatron
Radiation from a Laser Wakefield Accelerator in a Long Focal Length Geometry.

Zhou, O., Tsai, H. E., Ostermayr, T. M., Fan-Chiang, L., van Tilborg, J., Schroeder, C. B.,
Esarey, E., & Geddes, C. G. R. (2021). Effect of nozzle curvature on supersonic

134 Bibliography



gas jets used in laser-plasma acceleration. Physics of Plasmas, 28(9).
https://doi.org/10.1063/5.0058963

Zucker, D. R., & Biblarz, O. (2002). Fundamentals of gas dynamics (l. John Wiley &
Sons, Ed.; Second).

Bibliography 135



136 Bibliography



