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Summary of the PhD thesis

Introduction

This PhD thesis focuses on modeling the interaction of short and ultrashort laser pulses
with metals, progressively examining energy transfer and material ejection at the micro-
and nanoscale, plasma formation, and ultimately, modeling of laser-driven particle
acceleration at the sub-atomic scale. When these three stages are combined into a
unified model, they fully describe the mechanism underlying the creation and operation
of laser-driven particle accelerators.

Each of the three underlying physical processes — heat transfer, hydrodynamics and
electromagnetism — can also independently simulate a variety of manufacturing
techniques, such as micro-cutting, micro-drilling and plasma formation and expansion,
as seen in pulsed laser deposition (PLD) processes.

However, the most compelling and high-impact application of this model emerges when
these modules are integrated into a single undivided simulation. This enables the
modeling of laser-driven particle accelerators — an emerging, powerful technology that
utilizes intense laser pulses to accelerate charged particles (electrons, ions, positrons)
within a plasma. Compared to conventional accelerators (e.g., linear accelerators,
synchrotron-type circular accelerators), which require large infrastructure and
substantial financial resources, laser-driven accelerators offer the potential for more
compact, efficient and cost-effective systems.

Their development and optimization may have major implications across a range of
fields, such as medicine (e.g., proton cancer therapy and improved medical imaging),
nuclear fusion (plasma heating in inertial confinement fusion), space exploration (via
advanced propulsion technologies), high-energy physics (e.g., laboratory simulation of
astrophysical plasma) and material fabrication and processing at the atomic or near-
atomic scale. This last application area encompasses methods and technologies
collectively known as atomic and close-to-atomic scale manufacturing (ACSM).

Notably, one of the most immediate and already experimentally realized applications
of laser-driven particle accelerators — which also served as a driving motivation for the
development of the unified model presented in this thesis — is their implementation as
advanced tools in ACSM processes. Specifically, these accelerators can supply high-
energy electron, ion and photon beams needed to overcome the major challenge faced
in ACSM today: the limited energy and resolution provided by existing tooling. Laser-
driven particle accelerators thus emerge as a revolutionary solution capable of
propelling ACSM techniques to the next technological frontier.

To study these phenomena, here an open-source computational model is developed as
part of this doctoral research, simulating the interaction mechanism of short and
ultrashort laser pulses with metallic targets. The model includes laser sources that span
the full range of energy densities — from low to high — and incorporates the physical
processes that govern heat transfer, hydrodynamic and electromagnetic effects. This
enables precise modeling of the entire laser-driven acceleration mechanism and allows
the model to be adapted for various accelerator applications, such as in ACSM.

Furthermore, the model has been validated both in its individual components (heat
transfer, hydrodynamic and electromagnetic models) and as a whole, through
comparison with experimental data from the following laser facilities:

TITAN/Jupiter Laser Facility — Lawrence Livermore National Laboratory



TPW/Texas Petawatt Laser Facility — University of Texas at Austin
OMEGA EP/Laboratory for Laser Energetics — University of Rochester
ORION/Orion Laser Facility — Atomic Weapons Establishment (AWE)

Simultaneously, the model’s capabilities for predictive modeling and optimization are
being tested using experimental data from the laser facility:

L4f ATON laser/Extreme Light Infrastructure (ELI Beamlines) — Extreme Light
Infrastructure European Research Infrastructure Consortium (ELI ERIC)

Structure of the PhD thesis

Chapter 1 begins with an introduction to the fundamental principles of laser operation
and their technological evolution, with an emphasis on methods for generating short
and ultrashort pulses.

Chapter 2 presents the mathematical modeling of the laser source, reviewing existing
theoretical approaches in the literature, analyzing their suitability and explaining the
rationale behind those selected and implemented in the model developed in this
research.

Chapter 3 describes the computational, analytical and statistical methods used for
modeling laser—matter interactions, including optimizations made to reduce
computational cost.

Chapter 4 details the heat transfer model developed, based on the two-temperature
theory — with separate temperatures for electrons and ions — incorporating material
ejection mechanisms such as spallation, explosive boiling and fragmentation. Given
their explosive nature, these methods also necessitate the development of a
hydrodynamic model.

Chapter 5 presents the hydrodynamic model, describing shock waves created by
pressure-induced material ejection, as well as rarefaction waves that follow and lead to
plasma expansion.

Chapter 6 introduces the electromagnetic model, used primarily to describe interactions
between matter and high-energy-density laser pulses. It accounts for relativistic electron
motion and includes phenomena such as the ponderomotive effect, attenuation, reflux,
electron-positron pair production and the sheath electric field. Among the possible
laser-based acceleration methods, this chapter focuses on direct laser acceleration of
electrons and target normal sheath acceleration of ions.

Chapter 7 unifies the heat transfer, hydrodynamic and electromagnetic models into an
undivided model for fully describing and optimizing the mechanisms of laser-driven
particle acceleration. Additionally, the model’s predictive capabilities are tested using
next-generation petawatt-class lasers. Practical applications of laser-driven particle
accelerators are analyzed, with case studies in ion implantation, vacancy defect
engineering and ripples nanostructuring.

Chapter 8 summarizes the key conclusions of this research and outlines the next steps
for further development of the open-source code. These include the integration of
additional laser-driven electron and ion acceleration mechanisms (e.g., laser wakefield
acceleration, radiation pressure acceleration and breakout afterburner), as well as a new
code module dedicated to modeling interactions either directly of lasers or of laser-
driven particle accelerators with hohlraums — a critical process for nuclear fusion, high-



energy physics and the study of materials under extreme pressure and temperature
conditions.

Research contribution

This dissertation also serves as documentation for the open-source model, offering a
valuable tool for the research community studying laser-matter interactions. The model
is available on the Code Ocean platform under the GNU General Public License version
3 (GPLv3) and the validation results are available on figshare repository under the
Creative Commons Attribution 4.0 International (CC-BY—4.0) license. Additionally,
the computational and theoretical analyses resulting from this research have been
published in three peer-reviewed scientific papers, with a fourth currently under review.



Ilepiinyn o16aKTOPIKNG draTPIPiic

Ewayoyn

H mapodoa ddaktopikn dwtpin agopd 61N HOVIEAOTOINGN NG aAANAETIdpaoNS
Bpayémv kot vrepPpoayéwv maipmv Aélep pe pétoria, £E€TALOVTOC TPOOOEVTIKE TN
LETAPOPG EVEPYEWOG KOl TNV OMOPOAT] DVAIKOV G€ UIKPO- KOl VOVOKAOKO, TOV
oYNUOTIOUO TAAGUOTOS KoL, TEAIKA, T HOVTIEAOTOINGY GE VIO-UTOMIKY] KAIHOKa TNG
emtdyvvong copotdiov pe Aélep. Kabéva amd avtd ta empépovg povtéda (Bepuiko,
VIPOSVVAIKO, NAEKTPOUOYVNTIKO) umopel va ypnowyomombel Eexymplotd yio
TPOCOUOIMGOT S10POP®V KOTEPYAGLOV, OTMG £IVOL 1] LKPOKOTEG KOl O GYNUATICHOG Kol
1N EKTOVOON TOL TAdGHaTOG Katd T pnéBodo pulsed laser deposition (PLD). Otav avtd
T0 Tpio. oTAO GVVOVAGTOVV GE €va €VIOHO HOVTEAOD, TEPLYPAPOLV TANP®G TOV
punyoviopd dnpovpyiog kot Asttovpyiog TV emtayvvidv copatidiov pe Aélep (laser-
driven particle accelerators). Ot emitoyvvtég copotdiov pe Aélep AmoTEAOLV Lua
KOLVOTOUO TEXVOAOYiO TOV YPNOLUOTOLEL 15YVPOVS TOALOVG AEWEP YO TNV EMTAYLVOT)
QOPTICUEVOV COUTOIOV (MAEKTpOVimV, 10VToV, Tolltpovinv) Héca g Eva TAAGHLO. X
oLYKPION WE TOLG CLUPATIKOVG EMTOYLVTEG (LY. YPOLUIKOL EMITAYVVTES, KUKALKOL
eMTayVVTEG TOMOV synchrotron, k.Am.), ot omoiol amoutovv TEPACTIEG VTOSOUES KoL
OTULOVTIKOVG OIKOVOUIKOUS TTOPOVG, Ol EMTOYLVTEG COUOTIOIOV e AElep TPOGPEPOLV
™ ovvoToTNTA OVATTLENG WKPOTEPMV, OTOJOTIKOTEPOV KOl OIKOVOUIKOTEPMV
ocvotudtev. H oavantuén kor PeAtiotomoinon tovg pmopel vor €Yel ONUOVTIKEG
EMNTMOGELS GE SLAPOPOVG TOUELS, OGS 1 1Ttpikn (Bepameio Kopkivov pe TPOTOHVIO Kot
BeAtiopévn wtpikn omekdvion), 1 TupNVIKY cvvinén (0éppavon TAAcUATOS KOTA TV
néBodo adpavelakov TEPLOPIoHOD), 1) €EEPEHVIOT TOV SIUCTIHOTOS (LEG® TPONYUEVDV
TEYVOLOYIOV TTPOMCNG), 1| PLGIKT VYNADV EVEPYEIDOV (TPOCOUOIMOT AGTPOPLGIKOV
TAUCLOTOG OTO EPYACTIPLO) KOl 1 KATOOKELT Kol ENEEEPYOTIO VMKAOV GE ATOHKO 1)
oxedOV atopko eminedo (meprhapPdver dapopeg neBdd0LE Kl TEXVOAOYIES, YVOOTEG
debvag pe Tov 6po atomic and close-to-atomic scale manufacturing — ACSM —).

Mo ™ pedém tov avetépw, o610 TAAICIO oVTNG TG OWOKTOPIKNG £PEVVAG,
avamtHYONKe €va avoryToL KMOKO VTOAOYIOTIKO HovTéAo (open-source code) mov
TPOCOUOIDVEL TOV UNYAVIGUO oAANAeidpacng Ppoayéwv kol vIepPpoytwv TOALM®Y
Aéep pe petodAikovs otoyovs. To povtédo mepthapfavel Tyéc Aéilep, TOv KOADTTOVY
OAO TO QPACLO TUKVOTNTOG EVEPYELOV — Omd YOUNAN £0GC VYNAN KOl EVOOUOTOVEL
QUOIKES  Olepyacieg Tov  TmePLypaeovy TG  Oeppikés,  LOPOSLVOUIKEG KoL
NAEKTPOUOYVNTIKEG EMOPACELS, TOL AouPdvovy ydpa. Avtd emtpénel v akpipn
LLOVTEAOTTOINGT OAOKANPOL TOV UNYXOVIGHOD EMTAYLVONG COUOTOIOV pe Aélep, aALd
KOLL TNV TTPOGOPLOYT VTOD TOL LOVTEAOD GE OLOPOPETIKES EPOUPLOYEG TOV EMTAYVVIMDV
(amo 1tpcég g ACSM). EmimAéov, 1o povtého €xel emkupmbel 1000 kaTd TUMHOTO
(Eexwprotd o Beppikd, VOPOSLVOUIKS KoL NAEKTPOUAYVNTIKO HOVTELD) OGO Kol GTO
OUVOAO TOVL, HECH OVYKPIONG HE TEPOUATIKE OEOUEVO OO TIS TOPOKAT®
gykataotdoelg Aélep:

TITAN/Jupiter Laser Facility — Lawrence Livermore National Laboratory
TPW/Texas Petawatt Laser Facility — University of Texas at Austin

OMEGA EP/Laboratory for Laser Energetics — University of Rochester



ORION/Orion Laser Facility — Atomic Weapons Establishment

Tavtdypova, ot dvvatdtnTeg TOL HOVTIEAOL Yo TPOPAENTIKY] HOVTEAOTOINOT Ko
BeAtiotomoinom dokipdlovtat e TEPAROTIKG OEOOUEVE amd TNV eyKatdotaot A&lep:

L4f ATON laser/Extreme Light Infrastructure (ELI Beamlines) — Extreme Light
Infrastructure European Research Infrastructure Consortium (ELI ERIC)

Aopn G Sratpifiic

Y10 kepaiaio I m dwTpiPr] EEKva e pia E10aymYT| 0TS BacIKES 0pyES Asttovpyiog TV
Aélep ko TV TEYVOAOYIKN TOLG €EEMEN, pe €upaon ot pebdoovg dnpovpyiog
Bpayémv kot vIepPPayE®V TOAUDY.

Y10 kepaloio 2 mopovotdleTon M podnupotiky poviehomoinon g mwnyng Aélep,
e€etdlovtag T1g vapyovoes Bewpntikéc mpooeyyioelg g PiAoypapiag, avaidovtog
TNV KOTOAANAOANTA TOVG Kot eENYDVTAG TOES Ao aVTEG EMAEYOVTAL Ko EQappuolovtal
OTO HOVTEAO TTOV avamTOYXONKE oTNV Tapovoa EpEvval.

210 kepaloio 3 TEPTYPAPOVTOL Ol VTOAOYIOTIKES, OVOAVTIKEG KOl OTATIOTIKEG HUEBOJOL
OV XPNOWOTOMONKAV Yoo T HoviEAOTOinon ¢S aAANAemidpaong Aélep — VANG,
coumephapupdvovtag Tig PEATIOCELS TOV Eyvav Yo Tr HEl®ON TOL VITOAOYIGTIKOV
KOGTOLG,.

Y10 xepdlaio 4 mapovoialetar T0 Beppikd HOVIELO TOL avamTOYONKE, TO OMOio
Baciletar otn Bewpia TtV Vo Beppokpocidv — Eeywploty Beppokpocio yio
niektpévio Ko 6vta (two temperature model), EVOGOUATOVOVTOG HUNYOVIGLOVG
amofoAng VAoV, Onwc 1 amokdAAN o Adyw® Taong (spallation), o expnkTiKdg Bpacuog
(explosive boiling) kot 0 kKatakeppatiopds pe vepkpiopeg Bepprokpacieg Kot TEGELS
(fragmentation). Agdopévov, OLmS, OTL AVTEG 01 LEBODOL EIVOL EKPNKTIKOD YOPOKTNPO,
N avdAvon Tovg amattel Kot TNV avamtuén VOPOSLVOUIKOD HOVTELOV.

10 xepaloio 5 akohovBel T0 VOPOSVVOIKS HOVTELO, TO OTOI0 TTEPLYPAPEL TOL KOLLOTOL
Kkpovong (shock waves) mov onpovpyohvtar Aoyw g mieong omd tnv omofoAr] LALKOD,
KaOADS Kot To KOPOTo EKTOVOOTG (rarefaction waves) Tov 0koAovBovv 0dNydVTag 6TV
ektévmoN 1oV TAdopoTog (plasma expansion).

¥t0 xepdloio 6 TAPOLGLALETOL TO TMAEKTPOUAYVNTIKO HOVTIEAO, TO OMOi0
YPNOOTOIEITOL KVPIWS Yo TNV TEPYPOUPY| TG CAANAETIOpaoN G TG VANG e TOAUovS
Aélep vymAng evepyelakng mokvoTnTag. Aapavel vTOYN T GYETIKIOTIKY Kivion Tov
niektpoviov (relativistic electrons), mov odnyel teAkd ce pavopevo 6nwe 1 dHvoun
MOV OOKElTOL O QOPTICUEVE  GOUATIOW  omd o Toyéwg UeTABoAAOUEVN
niektpopoyvntikn mnyn  (ponderomotive effect), m  médnon (attenuation), 1
avakvkiopopia (reflux), n oidvun yéveon yw mapaywyn (edyovg miektpovimv-
no{utpoviov (electron-positron pair production) kot to MAEKTPKO TEdi0 BOAoka
nAdopatog (sheath electric field). And 6leg Tig duvatég pebddovg Yo TV emttdyvvon
copotdiov pe Aélep, edm egetdletor | anevbeiog emTdyLVON TOV NAEKTPOVIDV OO
10 Mlep (direct laser acceleration) ko 1 emtdyvvon WOviov péco mediov BOAaka
(target normal sheath acceleration).

¥t0 kepalato 7 ylvetalr m  evomoinomn Tov  Oepkov, VOPOSLVOLKOD Kol
NAEKTPOLOYVITIKOD HOVIELOL O€ €va €VIOIO HOVTEAO Yol TNV TANPN TEPLYPAPT KO



BeAtioTomoinom TOV UNYAVICUOV ONULOVPYINS TOV ETITOYLVTOV cOUATOIOV pe Aéilep.
Emunpdobeta, o1 mpoPrenticés duvatdTTES TOV HOVIEAOL SOKILALOVIOL TAV® OTNnV
emopevn yevid Aélep — xAdong PW (petawatt-class lasers). Téhoc, avoivovton
TPOKTIKEG EQUPLOYEG TV EMTAYVVIOV KOl OVOTTUGGOVTOL TPELG UEAETEG TEPIMTMOONG
(case studies) yio Tn ypNon TOV EMTOYLVTOV o€ EPapproyés ACSM (eppotevon wovimv,
EI00YMYN OTEAELDV Ko ONUIOVPYIL VOVOSOUDV).

X110 kepaloro 8 cuvoyilovtal Ta fociKd CUUTEPAGILOTO TNG EPEVLVOG KOl TEPLYPAPOVTOL
To. OUECMOG EMOUEVO PRLOTA OVOQOPIKA HE TNV TEPULTEP® OVATTVEN TOV HOVTEAOV
OVOIKTOU KOJKO, OGS €IVl 1 EVEOUATMOON KOl T®V VTOAOIT®OV HeBOI®V EMTAYVVONG
NAEKTPOVIOV Kot 1OVIOV (eVOEIKTIKA: emtdyvvon HEGH dlEYEPUEVOL TAAGLOTOG Ao
Aéep — laser wakefield acceleration, emitéyvvon péow mieong aktvoBoriag Aélep —
radiation pressure acceleration, emtdyvvon pécw ddTpnong TAAGHOTOG Kol
petayevéotepng evioyvong — breakout afterburner), oAAd Kot €vOg véov TUNMOTOG
KOOK, EEOIKELUEVOL GTNV LovTeELoToinoT TG aAAnAenidpaong eite anevdeiog pe
Alep elte péow emMTOYLVTOV COUATIOIOV HE KOOTNTES £YKAEIOTNG OKTIVOPOALNG
(hohlraum), po dadwkacio Kpioun yoo TNV TLUPNVIKY GOVINEDN, TN GLGIKY VYNAGV
EVEPYELDV KoL TN HLEAETN VAIKOV G€ aKpaieg cuvOnkeg mieong Kot Beppokpaciog.

Epgovntucn] cvpfoin)

H dwrpip] avt amoterel tavtdypova Kot tekunpioon (documentation) Tov HoviéAov
AVOLYTOV KOJIKO TOL aVATTOYONKE, TPOGPEPOVTAG EVOL EPYOAELD Y10l TNV KOWVOTITO TOV
EPELVNTAOV TOV OCYOAOVVIOL HE TNV TPOcOUoimon oAAniemdpdocwv  Aéilep-
nAdopatog. To povtédo avorytov Kodtka sivot dtabéoio oty mhateoppa Code Ocean
vrtd v doela GNU General Public License version 3 (GPLv3), evd ta amoteléopato
emkvpwong (validation) tov eivan dwbéoyo oto amobetipio figshare vd v doswa
Creative Commons Attribution 4.0 International (CC-BY—4.0). EmumAéov, ot
VTOAOYIOTIKEG Kol BE@PNTIKEG AVAADGELS TTOL TPOEKLYAY OO QTN TNV EPELVA EYOVV
onpoctevbel og Tpia emoTnuovikd apBpa, pe Eva TETapto VTd aEoAdYN oM.


https://www.gnu.org/licenses/gpl-3.0.html

