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“ We are trying to prove ourselves wrong as quickly as possible,because only in that way can we find progress."’
— Richard Feynman





Abstract

Laser-driven plasma accelerators can produce high-energy, high peak current ion beamsby irradiating solid materials with ultra-intense laser pulses. This innovative conceptattracts a lot of attention for various multidisciplinary applications as a compact andenergy-efficient alternative to conventional accelerators. The maturation of plasma ac-celerators from complex physics experiments to turnkey particle sources for practicalapplications necessitates breakthroughs in the generated beam parameters, their ro-bustness and scalability to higher repetition rates and efficiencies.This thesis investigates viable optimisation strategies for enhancing ion acceleration fromthin foil targets in ultra-intense laser-plasma interactions. The influence of the detailedlaser pulse parameters on plasma-based ion acceleration has been systematically inves-tigated in a series of experiments carried out on two state-of-the-art high-power lasersystems. A central aspect of this work is the establishment and integration of laser diag-nostics and operational techniques to advance control of the interaction conditions formaximum acceleration performance. Meticulous efforts in continuously monitoring andenhancing the temporal intensity contrast of the laser system, enabled to optimise ionacceleration in two different regimes, each offering unique perspectives for applications.Using thewidely established target-normal sheath acceleration (TNSA) scheme and ad-justing the temporal shape of the laser pulse accordingly, proton energies up to 70MeVwere reliably obtained over many months of operation. Asymmetric laser pulses, devi-ating significantly from the standard conditions of an ideally compressed pulse, resultedin the highest particle numbers and an average energy gain ≥ 37%. This beam qualityenhancement is demonstrated across a broad range of parameters, including thicknessand material of the target, laser energy and temporal intensity contrast.To overcome the energy scaling limitations of TNSA, the second part of the thesis fo-cuses on an advanced acceleration scheme occurring in the relativistically induced trans-parency (RIT) regime. The combination of thin foil targets with precisely matched tempo-ral contrast conditions of the laser enabled a transition of the initially opaque targets totransparency upon main pulse arrival. Laser-driven proton acceleration to a record en-ergy of 150MeV is experimentally demonstrated using only 22 J of laser energy on target.The low-divergent high-energy component of the accelerated beam is spatially and spec-trally well separated from a lower energetic TNSA component. Start-to-end simulationsvalidate these results and elucidate the role of preceding laser light in pre-expandingthe target along with the detailed acceleration dynamics during the main pulse interac-tion. The ultrashort pulse duration of the laser facilitates a rapid succession of multi-ple known acceleration regimes to cascade efficiently at the onset of RIT, leading to theobserved beam parameters and enabling ion acceleration to unprecedented energies.The discussed acceleration scheme was successfully replicated at two different laser fa-cilities and for different temporal contrast levels. The results demonstrate the robust-ness of this scenario and that the optimum target thickness decreases with improvedlaser contrast due to reduced pre-expansion. Target transparency was found to identifythe best-performance shots within the acquired data sets, making it a suitable feedbackparameter for automated laser and target optimisation to enhance stability of plasmaaccelerators in the future.Overall, the obtained results and described optimisation strategies of this thesis maybecome the guiding step for the further development of laser-driven ion accelerators.
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1 Introduction

1.1 Motivation

The remarkable development of laser technology and the associated ability to generateextremely high energy densities has given rise to a fundamentally new and disruptivetechnology in the field of particle beam physics – laser-driven plasma acceleration.This innovative approach harnesses the strong electromagnetic fields supported by aplasma to accelerate particles in an exceptionally compact way, representing a paradigmshift from conventional high-frequency-based accelerator technology, where the maxi-mum achievable field gradients are limited by the breakdown of the vacuum inside theaccelerating structure [1]. Plasma, as an already broken down state of matter, is an idealaccelerating medium capable of sustaining field gradients with almost no physical limita-tions. In today’s scientific landscape, particle accelerators serve as vital drivers for funda-mental research and play a pivotal role in advancingmethods across various applicationsin industry and medicine. Plasma accelerators hold the potential to expand the portfolioof achievable beam parameters and to significantly shrink the size of particle accelera-tors, thereby reducing the need for large infrastructures at considerable financial cost.Particular attention has been paid to the generation of pulsed, highly laminar, multi-MeVion beams produced by irradiating solid materials with ultra-intense laser pulses [2, 3].In 2000, several groups reported the first generation of intense, high-energy (> 10MeV)proton beams using the high-power lasers Nova Petawatt in Livermore [4] and Vulcan inOxford [5]. This achievement sparked the vision of realising applications of societal rele-vance, including the fast ignition approach to inertial confinement fusion [6, 7] and laser-driven medical proton therapy [8, 9]. To date, laser-driven ion accelerators are alreadyapplied as diagnostic tools and ultrafast drivers in high energy density science [10] andmaterial science studies [11, 12], as well as efficient sources for neutron generation [13,14] and high dose rate radiobiology [15, 16]. Despite these achievements, progress hasbeen slower than anticipated and several outstanding issues still need to be addressedbefore laser-driven ion accelerators can evolve from physics experiments to turnkey par-ticle sources for practical and impactful applications. Thismaturation necessitates break-throughs in the generated beam parameters, such as the maximum energy, the spec-tral distribution and conversion efficiency. Additionally, reproducibility, robustness andscalability of the laser-plasma interaction to high repetition rates also require increasedattention.In the historical context, new record energieswere attained using large-scale high-energylaserswith limited shot rate and the TargetNormal SheathAcceleration (TNSA) scheme [17].This extensively studied and well-established acceleration method involves irradiating
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micrometer-thick solid-state targets with a high-intensity laser, resulting in the creationof a plasma at the target front side. Free electrons within the plasma are acceleratedby the laser and traverse through the target, establishing a quasi-static electric field atthe target’s rear. Subsequently, protons and ions from the target rear surface are accel-erated over a very short distance, reaching relativistic energies and typically forming abroad exponential energy spectra. TNSA, however, inherently lacks specific energy selec-tion options and increasing the maximum energy of the accelerated particles primarilyrelies on increasing the amount of laser energy coupled into the plasma [18]. Throughoutthe last twenty years, there was a huge effort to optimise the laser and target parame-ters to enhance this coupling and hence the acceleration performance for a given laserenergy. This involves special structuring of the target surface and composition as wellas extensive laser pulse parameter scans. Although these approaches have achievedenergy enhancement effects [19–21] and produced quasi-monoenergetic particle spec-tra [22, 23], it has proved difficult to reproduce these results and to compare data fromdifferent laser systems.
The recent advent of high-power ultrashort pulse lasers [24], which are now commer-cially available and capable of high repetition rates (> 1Hz), opens up new avenues toaccelerate the exploration of this multi-parameter space. Gaining a comprehensive un-derstanding of how to efficiently harness the capabilities of these increasingly availablelaser systems is fundamental on the path to meeting application-specific requirementswith plasma accelerators and a central aspect of this thesis. These laser systems canapproach new intensity frontiers (> 1022Wcm–2) and provide additional options for con-trol, diagnostics, analysis and real-time feedback. This unique combination makes thesesystems particularly suited to study advanced accelerationmechanisms that are concep-tually different to TNSA. In recent years, various advanced ion acceleration schemes havebeen identified and investigated through both theoretical and numerical studies. Cen-tral to all these schemes is the presence of electromagnetic field structures to achievea more coherent acceleration, aiming for improved particle beam parameters such ashigher maximum ion energies, reduced divergence, minimised energy spread and amore favourable energy scaling. These advanced concepts already enabled compacthigh intensity lasers with significantly reduced laser energy (< 10 J) and repetition ratesrelevant for practical applications to achieve performance levels similar to large-scalehigh-energy lasers (> 100 J) [25–29]. However, the experimental differentiation of theseadvanced acceleration schemes has proven challenging. This difficulty arises due to thecoexistence of multiple acceleration mechanisms throughout the entire laser-plasma in-teraction, compounded by insufficiently characterised laser and target parameters thatserve as input for numerical simulations. Particularly, non-ideal temporal laser contrast,i.e. laser energy arriving at the target before the intense main pulse, results in substan-tial heating and pre-expansion of the target, consequently effecting the entire plasmainteraction dynamics. Given that state-of-the-art laser systems can easily reach relativis-tic peak intensities, consideration of electric field contributions with high dynamic rangeand high temporal resolution becomes crucial. This necessitates the development andimplementation of appropriate laser pulse diagnostics and measurement strategies, re-vealing the intensity distribution in the focal plane during or parallel to the plasma inter-action.
Another important challenge faced by the community of laser-driven plasma accelera-tors is the reliable comparison of data and results from numerous experiments, as wellas laser parameters. Despite the use of similar technologies at various high-power laserfacilities, many system-specific features persist that have a significant impact on acceler-ator performance.
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Figure 1.1: Proton acceleration performance at DRACO-PW: The blue and blacksquares show the maximal achievable proton energies at the beginning of this the-sis. The red line shows an extrapolated energy scaling. The red squares and starsshow the results, obtained from experiments with optimised interaction conditions,that were developed in the context of this thesis.

1.2 Thesis outline

The work presented in this thesis focuses on significantly advancing the performanceof plasma-based proton acceleration from thin foil targets that were irradiated with ul-trashort laser pulses with ultra-high intensity (≥ 1021Wcm–2). A series of experimentalcampaigns, conducted at the DRACO-PW laser in Dresden and at the J-KAREN-P laserin Kyoto, addressed key aspects for the realisation of laser-driven ion sources for appli-cations. A unique advantage of this research was the continuous access to these lasersystems and the ongoing development of the experimental setup over the course ofthis thesis. This allowed to establish standardised techniques for temporal pulse con-trast characterisation and optimisation. These advances were key to enabling a detailedinvestigation of the laser pulse parameters and their effect on plasma acceleration, ul-timately allowing for the identification of optimal interaction conditions for maximumperformance. This development is illustrated in Figure 1.1, showing the ion accelerationperformance achieved in different years using the DRACO laser system. Based on theresults that were achieved with the 150 TW DRACO laser [30] (blue squares) an energyscaling could be extrapolated (red line), suggesting that proton energies close to 100MeVcan be achieved, once the petawatt level is reached. However, the experimental resultsfell short (black squares), failing to follow the established scaling. This performance levelmarked the starting point of the thesis, making it imperative to unravel the underlyingreasons and develop optimisation strategies to enhance maximum proton energies –the primary objective of this Ph.D. project.
The thesis is divided into six chapters, starting with this introduction, followed by chap-ter 2 which lays the theoretical foundations for understanding the underlying physicalconcepts related to laser-driven plasma acceleration. The experimental methodologiesof this thesis are detailed in chapter 3, describing the different laser systems and thediagnostic techniques used to conduct the experiments.Results on optimising laser-driven ion acceleration from plastic foil targets in the TNSAregime at DRACO-PW are presented in chapter 4. Initially, this involved implementinga single-shot plasma mirror system, along with on-shot pulse diagnostic and metrology
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ports to characterise the temporal laser parameters in the target environment. Precisemeasurement and control of the temporal pulse properties of the laser enabled theidentification of the ideal laser pulse shape for optimal acceleration performance. Thehighest proton cut-off energies and particle numbers were observed for temporal pulseparameters significantly different from the standard conditions of a nearly ideally com-pressed pulse. This robust optimisation procedure became a daily preparation routinefor proton acceleration experiments at the DRACO-PW laser, facilitating an energy scal-ing (red squares in Figure 1.1) that aligns with the previously established extrapolation.The resulting performance optimisation was the basis for conducting worlds first “in vivo”small animal pilot study using laser-driven protons. However, the modest energy scal-ing of TNSA makes it difficult to further increase the achievable particle energies withoutupgrading the DRACO-PW laser to significantly higher pulse energies.The combination of thin foil targets with matched temporal contrast conditions of thelaser allowed access to an advanced acceleration regime where the initially opaque tar-get undergoes a transition to transparency during the interaction with the laser pulse.This phenomenon is known as Relativistically Induced Transparency (RIT), resultingfrom the combined effects of electron heating, expansion, and the relativistic mass in-crease of the electrons. The impact of RIT on ion acceleration with ultrashort laser pulsesand solid-density foil targets is studied both experimentally and theoretically in chap-ter 5. The results demonstrate that the preceding laser light can be utilised to primethe target for transparency upon main pulse arrival, simplifying the complexity of the ionsource and enhancing its robustness. Protons with energies exceeding 60MeV and fullyionised carbon ions with energies surpassing 30MeVu–1 were experimentally demon-strated. Start-to-end simulations verify these results and elucidate the role of the pre-ceding laser light in pre-expanding the target as well as the detailed acceleration dynam-ics during themain pulse interaction. Themost energetic particles are accelerated by theextreme space charge-induced electric field that is generated due to electron expulsionfrom the target core when the foil becomes transparent, followed by further accelera-tion in a diffuse sheath. This acceleration scheme was replicated at two different laserfacilities and different temporal contrast levels, emphasising the level of control and un-derstanding of this scheme and that the optimum target thickness decreases as lasercontrast improves due to reduced pre-expansion.Building on these findings, chapter 6 marks the culmination of all previous efforts tooptimise ion acceleration in the RIT regime, which has ultimately led to breakthroughachievements for plasma-accelerated proton beams. Using the rep-rated laser systemDRACO-PW and only 22 J laser energy on target, laser-driven proton beams clearly ex-ceeding 100MeV kinetic energy and bandwidth-limited energy spectra have been gen-erated with application-relevant particle yields. These results were achieved by strategi-cally choosing an initial target thickness, that ensures the interaction of the main laserpulse with a near-critical target due to the pre-expansion earlier in the interaction. Fur-thermore, the experimental setup was optimised to enable an angularly resolved protonbeammeasurement with multiple detectors based on different detection methods. Theexperimental findings are supported by full-scale 3D particle-in-cell simulations, reveal-ing that multiple known acceleration regimes cascade efficiently at the onset of RIT. Theultrashort pulse duration of the laser facilitates a rapid succession of these regimes athighest intensity, leading to the observed beam parameters and enabling proton ac-celeration to unprecedented energy levels. In particular, the scaling of the maximumproton energy in this regime is very promising (red stars in Figure 1.1), allowing to accessan energy range of considerable interest for applications.Finally, chapter 7 summarises themain results of this thesis and discusses future prospectsfor laser-driven ion acceleration, concluding this research.
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2 Fundamentals of laser-matter
interactions

This chapter is intended to provide the fundamental concepts of relativistic laser-matterinteraction and the basic concept of laser-driven particle acceleration physics.When intense laser light is irradiated onto a solid-statematerial, the high electromagneticfields start to ionise the front surface of this material. For modern short-pulse lasers withultra-high intensities, ionisation can occur well before the arrival of the main laser pulsethrough preceding laser light components such as pre-pulses, coherently compressedlight, or finally during the rising edge of the main pulse. As a result, the highest fieldcomponents of the laser interact with a plasma instead of an initially solid-state material.The energy of the laser can now be transferred directly to free electrons, which can thusbe accelerated to relativistic velocities. In the further course of the interaction, the energyabsorbed by the plasma electrons can be partially converted into kinetic energy of ions.

2.1 Plasma

Almost all of the matter in the observable universe is in the plasma state (which is some-times also referred to as the “fourth state of matter” since it clearly differs from the otherstates of aggregation). In contrast, plasma is rarely found in our natural environment, so itwas not before 1879 whenWilliam Crookes conducted the first documented experimentto create plasma under laboratory conditions [31]. Today, various artificial technologiesexist that generate plasma for a range of applications in medicine, material processing,energy, display and propulsion technology. The word “plasma” was first introduced byIrving Langmuir as a description for an ionised gas with an equal number of electronsand ions [32]. A more formal definition was given by Francis F. Chen [33]:
“A plasma is a quasi-neutral gas of charged and neutral particles which exhibits
collective behaviour”

The two concepts quasi-neutral and collective behaviour are central for this definitionof plasma. Collective behaviour means in this context, that even though the plasmais made of a mix of free electrons and ions, these particles continuously interact witheach other as their motion creates currents and local regions of positive and negativecharge. This leads to electric andmagnetic fields that can also influence charged particlesat large distances, thereby causing a collective macroscopic behaviour of the plasma.It is partly this effect that explicitly distinguishes a plasma from a normal ionised gas.
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Quasi-neutrality describes the fact that the overall charge of a plasma is close to zerowhen averaged in time and over large volumes. In contrast, at smaller scales, the plasmamay have local positive and negative charge distributions that give raise to electric fieldstructures (as described above). This characteristic distance beyond which the plasmais neutralising any discrete charge is called Debye-length λD and defined as follows:

λD = √︃ε0 kB Te
ne e

2 (2.1)
where ε0 is the vacuum permittivity1, kB the Boltzmann constant2, e the electron charge3,
Te the electron temperature and ne the electron density. Quasi-neutrality is given whenthe dimension L of a system is much larger than λD : L ≫ λDNote that Equation 2.1 has only two variable parameters, Te and ne that can influencethe Debye-length. These are two fundamental parameters to characterise a plasma,from which a lot of subsidiary parameters and properties can be derived.
2.1.1 Plasma properties

A comprehensive description of the properties of plasma at a microscopic level wouldrequire the self-consistent calculation of all electric and inducedmagnetic fields betweenall particles. However, in many cases, it is not necessary to consider individual particles inthe plasma and simplified models can be used to reduce complexity. Models from fluidmechanics, which describe the plasma in terms of collective effects and properties, allowfor the consideration of macroscopic parameters rather than microscopic ones. In thismodel, electrons and ions are treated as separate fluids that are in thermal equilibrium.The velocity distribution of those particles is characterised by their temperature (Te forelectrons, Ti for ions). The number of electrons Ne and ions Ni per volume V defines the
electron density ne and the ion density ni of a plasma, respectively. The electron densityfor any kind of material with ionisation state Z and atomic mass A can be obtained as:

ne = Ne

V
≃ Z ni = Z Ni

V
= Z NA ρ

A
(2.2)

where NA is the Avogadro constant4 and ρ the mass density of the material.The mass of electrons (me) is much smaller than that of protons (mp) or ions (mi), whichallows for the assumption that ions can be treated as a stationary positive backgroundfor the free-moving electrons. This simplification, known as the Drude model [34, 35],assumes that the electrons move freely through an ionic background and collide withit in a similar way to gas molecules. Solving the Poisson equation allows to derive thescalar electric potential φ ( r ) of the plasma:
∇2

φ = –e (ni – ne )
ε0 (2.3)

The electron density ne is assumed to follow a Boltzmann distribution:
ne = n0 exp

(︂
eφ

kB Te

)︂
(2.4)

1ε0 = 8.854 × 10–12 Fm–1, ε0 is a fundamental physical constant2kB = 1.381 × 10–23 J K–13e = 1.602 × 10–19 C, e is a fundamental physical constant
4NA = 6.022 × 1023mol–1
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After substituting Equation 2.4 in Equation 2.3, expanding the exponential in a Taylorseries and solving the remaining differential equation, the resulting potential for a testcharge q reads:
φ ( r ) = q

4 π ε0 r exp
(︂–r
λD

)︂
(2.5)

Hence, the potential of the test charge q at distance λD will be dropped by 1/e. Thisresult mathematically justifies the introduction of λD as an effective shielding distance.Furthermore, this characteristic screening is only satisfied, when there are enough parti-cles available in the plasma to shield the influence of the test charge. Using Equation 2.5enables to calculate the number of particles in a Debye sphere:
ND = 4

3 π ne λ3D (2.6)
The collective behaviour of a plasma also requires ND ≫ 1.
When plasma electrons are deflected from the stationary ionic background, an electricfield is generated to restore the quasi-neutrality of the plasma. However, the inertiaof the electrons causes them to be accelerated beyond their original position and tooscillate at a characteristic frequency known as plasma frequency ωP or Langmuir fre-

quency, named after Irving Langmuir who first derived the equation to describe thisoscillation [32]:
ωP = √︃ ne e

2
ε0 γme

(2.7)
with Lorentz factor γ which is defined as:

γ = 1√︁1 – v2
c2

(2.8)

where v is the relative velocity between inertial reference frames (i.e. the velocity of theoscillating electrons) and c the speed of light in vacuum5. It is important to note, that
ωP only depends on the plasma density (demonstrating again why ne is a fundamentalplasma parameter) and not on the wave vector k, which is perpendicular to the wavefront, indicating the propagation direction of the wave.
2.1.2 Dispersion relation of a plasma

The permittivity ε of the plasma describes its ability to support electric fields and is gen-erally represented by a tensor that accounts for any anisotropy of themedium. However,if plasma is treated as a linear, non-dispersive homogeneous and isotropic medium,
ε simplifies to a scalar. The propagation of transverse electromagnetic waves in sucha medium can be described using the wave equation (which can be derived from theMaxwell equation):

∇2
E⃗ – ε0 μ0 𝜕2

𝜕t2 E⃗ = μ0 𝜕
𝜕t j⃗ (2.9)

with electric field vector E⃗ and vacuum permeability μ06 and electric current density j⃗.The current density j⃗ originates on short time scales only frommoving electrons and canbe described as:
j⃗ = –e ne v⃗e (2.10)

5c = 299792458ms–1 ≃ 3 × 108ms–1, c is a fundamental physical constant6μ0 = 1.256 × 10–6 NA–2
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The velocity of the electrons v⃗e can be calculated using Newton’s second law of motionand the Lorentz force:
me

dv⃗edt = q (E⃗ + v⃗e × B⃗) (2.11)
For plasmas where |v⃗e × B⃗| ≪ |E|, Equation 2.10 becomes:

j⃗ = e2 ne v⃗e
iωme

E⃗ (2.12)
Furthermore, the relation between j⃗ and E⃗ is simplified by assuming a linear relation:

j⃗ = σ E⃗ (2.13)
with σ representing the plasma conductivity.Substituting now Equation 2.12 into Equation 2.9 and assuming a plane monochromaticwave as solution one gets:

–k2 + ε0 μ0 ω2 = μ0 e
2 ne
me

(2.14)
where E⃗ is defined as:

E⃗ = E0 exp(︁ i (k⃗ r⃗ – ω t))︁ (2.15)
with amplitude E0, wave vector k and angular frequency ω.Rearranging Equation 2.14 and using ε0 μ0 = c–2 finally results in the dispersion relationfor an electromagnetic field in a plasma:

ω
2 = ω

2
P + k2 c2 (2.16)

with plasma frequency ωP as introduced in Equation 2.7 and wavenumber k:

k = ω

c

√︃
1 – ω2P

ω2 (2.17)

2.1.3 Laser propagation in a plasma

When an electromagnetic field (e.g. a laser) with frequency ω is applied to a plasma, onecan distinguish two different cases:
If ω > ωP, the term inside the root of Equation 2.17 will be positive, meaning that theincoming wave is able to propagate through the plasma. In such a scenario the plasma iscalled underdense or undercritical. In the limit of very high frequencies the propagationtends to c.
Contrary if ω < ωP, the root of Equation 2.17 will be negative, resulting in an imaginarywavenumber. Such a plasma is called overdense or overcritical as the electrons insidethe plasma respond sufficiently fast on any perturbation. Hence, no energy is transmit-ted through the plasma and the incident wave simply reflected. The electromagneticfield decays exponentially in space as can be seen by putting the imaginary k into Equa-tion 2.15. The distance at which the amplitude of this “evanescent” electric field hasdropped to 1/e is called plasma skin depth ls and defined as:

ls = c√︁
ω2
P
– ω2 = c√︁

ne e
2

ε0 γme
– ω2 (2.18)
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The case where ω = ωP defines the threshold density or classical critical density of
the plasma nc being a fundamental concept in plasma physics. If ne > nc, the plasma isable to effectively reflect or refract the electromagnetic wave, and if ne < nc the wave isable to propagate through the plasma.If the amplitude of the incident electric field is so high, that the electron velocity becomesrelativistic, the γ factor reduces the plasma frequency (as the electron mass increases)and hence lower frequencies can still propagate through the plasma. The relativistic

critical density nrelc accounts for this effect:
n
rel
c = γ nc = γme ε0 ω2

e2 (2.19)
Figure 2.1 illustrates the consequence of this effect on the dispersion relation (c.f. Equa-tion 2.17) for an electromagnetic wave propagating in a plasma. For sufficiently high
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Figure 2.1: Dispersion relation for an electromagnetic wave in a plasma. The disper-sion relation of an electromagnetic wave in vacuum (black dotted line) is shown forcomparison. In the classical case (green solid line), the lower cutoff is given by theplasma frequency ωP. In the relativistic case (blue solid line), the lower cutoff is re-duced due to the relativistic mass increase. Depending on the angular frequency ofthe laser, the plasma electrons can either follow the oscillation of the electromagneticwave and the laser can propagate into the underdense plasma (ωL > ωP ) or the plasmaelectrons react faster than the perturbation of the electromagnetic wave (ωL < ωP), ef-fectively shielding the plasma from the laser, which is reflected instead.
values of γ, the relativistically corrected plasma frequency ωP / γ can decrease below thelaser frequency ωL, making the plasma transparent to the laser. This effect is one impor-tant factor contributing to the onset of relativistically induced transparency in a plasma,a phenomenon that is explained in subsubsection 2.3.3.It is important to note here, that nc is frequency dependent, a fact of particular relevancewhen considering ultrashort laser pulses, which naturally possess a finite spectral band-width (e.g. 1000’s of THz for fs pulses). If ne ≫ nc, Equation 2.18 simplifies to ls ≃ c /ωP
The dispersion relation Equation 2.17 also allows to derive the phase velocity vp and thegroup velocity vg of the plasma wave:

vp = ω

k
= c√︁1 – ω2

P
/ω2 (2.20)
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and
vg = dω

dk = vp + k dvPdk = c

√︃
1 – ω2P

ω2 (2.21)
It is noteworthy, that in a plasma the phase velocity vp of an electromagnetic wave isclearly different from the group velocity vg , especially since vp > c is possible. However,any information transfer of an electromagnetic wave is mediated with group velocity vg ,which always satisfies vg < c.Finally, we can define the refractive index η of a plasma as:

η = c

vp
= c k

ω
= √︃1 – ω2P

ω2 = √︂1 – ne

γ nc
= √︃1 – ne

nrelc

(2.22)
allowing to easily distinguish between regions where η is real, allowing the laser (withangular frequency ωL) to propagate into the underdense plasma, and regions where ηis an imaginary number, causing the laser to be reflected at the critical density of theoverdense plasma.
From Equation 2.22 it becomes also apparent that a spatial variation of γ and the plasmadensity ne (e.g. caused by any realistic spatial intensity distribution of a laser) resultsin a spatially varying refractive index, which can lead to self-focusing of the laser as itpropagates through the plasma. As a consequence the plasma acts as a focusing lens onthe laser, leading to further focusing and increased intensity along the laser propagationaxis. Relativistic self-focussing requires the incident laser to excess a certain threshold(critical) power Pcr which is defined as [36]:

Pcr = me c
5 ω2

e2 ω2
P

≃ 17
(︂
ω

ωP

)︂2 [GW] (2.23)
Laser pulses exceeding Pcr and propagating through an underdense plasma can experi-ence relativistic self-guiding, where the laser pulse is confined in a very small spatial areaover distances much larger than the Rayleigh length.

2.2 Laser-matter interactions

The previous section introduced plasma as a special state of matter with unique proper-ties. Building upon this basis, this section studies how matter and solid-state materialsinteract with intense laser light. This includes an examination of the plasma generationprocesses, the interactions between laser light and charged particles within the plasma,and how these interactions result in the acceleration of particles to very high energies.
2.2.1 Ionisation processes

According to the definition provided in section 2.1, plasma is a gaseous state of matterconsisting of charged and neutral particles. The transition from a solid-state material tothe plasma state is achieved through ionisation of bound electrons. This ionisation canresult from different mechanisms, such as impact-ionisation, which occurs through col-lisions with energetic particles like electrons, or photo-ionisation, which occurs throughinteractions with photons. These mechanisms are visualised in Figure 2.2 and will bedetailed in the following section. Mathematically these ionisation processes can be rep-
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Figure 2.2: Illustration of different ionisation processes relevant for laser-plasma in-teraction. A bound ground-sate electron can overcome the binding potential by Multi-Photon (left), Tunnelling (middle) or Barrier-suppression ionisation (right).

resented using reaction equations:
e– + A → A+ + 2e– impact-ionisation (2.24)
hν + A → A+ + e– photo-ionisation (2.25)

with Planck constant7 h = 2 π h̄. At the beginning of the laser-matter interaction there areno free electrons which can be accelerated by the laser and cause impact-ionisation. Asa result, the only remaining possibility for ionisation is photo-ionisation by laser photons.The energy of such a photon must be high enough to overcome the Coulomb bindingenergy of the atom. The energy of a single photon with frequency ωph and wavelength
λph (e.g. 800nm, which is a typical value for Ti:Sa lasers) can be calculated using Planck’sequation:

Eph = h̄ωph = 2 π c

λph
= 1.54 eV for λph = 800nm (2.26)

This photon energy can be compared to the binding energy of a hydrogen atom withBohr radius aB8:
Eat = e2

8 π ε0
1
aB

= 13.61 eV (2.27)
indicating that the energy of a single photon at λph = 800nm is insufficient to ionise ahydrogen atom. However, achieving ionisation is possible by using the energy of multiplephotons whose total energy exceeds the energy threshold for ionisation.

Multiphoton ionisation

MultiPhoton Ionisation (MPI) is a physical process in which multiple photons interactwithin a certain time interval with an atom to overcome the binding energy of an electron.The number of photons (n) required for MPI of a hydrogen atom can be estimated asn = Eat / Eph ≥ 9. If the total number of photons is higher than this value (n), the electronwill absorb the energy of the additional photons (s) resulting in a final energy Ef of:
Ef = (n + s) h̄ωph – Eat = s h̄ωph (2.28)

This process is known as Above Threshold Ionisation (ATI). Experimentally, it has beenshown, that MPI and ATI dominate for laser intensities below 1013Wcm–2.
7h = 6.6 × 10–34 J s8aB = 4π ε0 h̄2/ (me e

2 ) ≈ 0.529 × 10–10m
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Field ionisation

If the laser intensity is further increased, the electric field of the laser becomes strongenough to significantly alter the Coulomb potential, leading to a change in the potentialbarrier experienced by the electrons. Depending on the strength of the electric field, twodistinct mechanisms can be distinguished. Tunnelling Ionisation (TI) occurs, if electronscan escape the atom by tunnelling through the lowered potential barrier. This processdominates for laser intensities IL ≃ 1014Wcm–2. Once the electric field of the lasers sur-passes this intensity regime, the potential barrier may become even lower than the elec-tron’s bound state energy and the electron can simply escape the atom. This process isknown as Barrier Suppression Ionisation (BSI).Using Equation 2.27 enables to calculate the binding field of a hydrogen atom:
Eat = e

4 π ε0 a2B ≃ 5.1 × 109 Vm–1 (2.29)
To free electrons from this atomic binding field, the intensity of a laser must be at least:

Iat = ε0 c2 E2at ≈ 4 × 1016Wcm–2 (2.30)
As soon as the laser intensity is higher than Iat , the potential becomes lower than thebinding energy of the electrons. As a consequence the electrons can freely escape.Modern laser systems can easily achieve peak intensities that well exceed Iat , meaningthat ionisation can already occur much earlier due to laser light components which pre-cedes the lasermain pulse. Most solid-statematerials are thus already fully ionised uponmain pulse arrival.A good method to determine which of the aforementioned ionisation processes dom-inates under different interaction conditions is provided by the Keldysh parameter γKwhich was introduced by Leonid Keldysh [37]:

γK = ωL

√︃2 Eat
IL

(2.31)
where Eat is the atomic binding energy, ωL the angular frequency and IL the intensityof the laser, respectively. MPI is the prevailing process for γK ≫ 1, while for γK ≪ 1 theelectric field of the laser is so high that BSI dominates. In addition to these clearly sep-arable cases, the Keldysh theory [38] also allows the ionisation rates to be described byanalytical formulae for intermediate parameter values.
Impact ionisation

Once free electrons are available, impact or collisional ionisation, as described in Equa-tion 2.24, becomes another relevant ionisation process during the laser-matter interac-tion. Electrons which were initially field ionised can now absorb energy from the laserthrough inverse Bremsstrahlung (detailed in subsubsection 2.2.4) and get accelerated tohigh kinetic energies. When these fast-moving electrons collide with other atoms, theycan transfer some of their energy to bonded electrons in the valence band, exciting themto the conduction band and causing further ionisation. This can lead to an avalanche ef-fect and a rapid increase in the number of free electrons in thematerial. The electron-ioncollision frequency νei can be calculated by [39]:
νei = 4√2 π

3
ne Z e

4
m2
e vte

ln Λ ≃ 2.91 × 10–6 Z ne
T3/2e

ln Λ [s–1] (2.32)
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where vte the electron’s thermal velocity and “ln Λ” the Coulomb logarithm, which is adimensionless plasma parameter and defined as:
Λ = bmax

bmin
= λD

kB Te

Z e2 (2.33)
where bmax and bmin describe the maximum and minimum impact parameters (perpen-dicular distance between the colliding particle’s trajectories) of the electron-ion scatter-ing cross-section. In general, collisions in a plasma involve particle interactions that re-sult in a significant change in energy and momentum, e.g. due to Coulomb interactionsbetween charged particles. Consequently, Coulomb collisions with impact parameterslarger than λD (c.f. Equation 2.1) will rarely occur as the plasma neutralises any discretecharge. The Coulomb logarithm thus describes the dominance of small-angle deflectionsfor Coulomb collisions in a plasma. A plasma is dominated by collisions if νei /ωP ≥ 1 andconsidered collision-free if νei /ωP ≪ 1.
2.2.2 Electron dynamics in the laser field

In order to understand the mechanisms by which the laser can transfer its energy tothe plasma (detailed in subsection 2.2.4), it is necessary to understand first the interac-tion of a single charged particle with an external electromagnetic field. The motion of acharged particle in the presence of an electromagnetic field (with electric and magneticfield components E⃗ and B⃗) can be described by using the Lorentz force F⃗L:
F⃗L = q ( E⃗ + v⃗ × B⃗ ) = dp⃗

dt (2.34)
where q is the charge, v⃗ the velocity and p⃗ the relativistic momentum of the particle. Atcurrently achievable laser intensities and for laser intensities relevant to the experimentsof this thesis ( IL < 1022Wcm–2 ), ions experience a negligible displacement under theinfluence of the laser field due to their high mass. Electrons, on the other hand, aresignificantly affected by electromagnetic fields of this intensity once they are releasedfrom their binding potential. This again justifies the assumptionmade in subsection 2.1.1and the discussion in this section will be therefore restricted to electrons.As long as the momentum of the electron is nonrelativistic (e.g. for low laser intensities),the v⃗ × B⃗ term of Equation 2.34 can be ignored and the electrons will oscillate with thefrequency of the driving electric field, along the laser polarisation direction and with thefollowing maximum oscillation velocity:

vosc = e |E⃗|
me ωL

(2.35)
For strong laser fields and thus high oscillation velocities (approaching c), the electronmass increases (as γ becomes relevant) and the v⃗ × B⃗ component can get to the sameorder as E⃗ . Consequently, the influence of the magnetic field can no longer be ignored,resulting in a longitudinal force at twice the laser frequency that pushes the electronsalong the laser propagation axis. The maximum longitudinal oscillation velocity can becalculated via:

vlong = e2 |E⃗|2
4m2

e ω
2
L
c

(2.36)
A comparison between Equation 2.35 and Equation 2.36 shows, that the longitudinalvelocity of he electrons scales much faster with the electric field strength than their os-cillation velocity.
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To easily distinguish between the relativistic and nonrelativistic regimes of electron mo-tion, the normalised vector potential a0 can be introduced. This dimensionless param-eter is derived from the electron quiver velocity and characterises the relative strengthof the laser field:
a0 = vmax

c
= e |E⃗|
me ωL c

= √︃ e2 ξ IL λ2L4 π2 ε0m2
e c

5 ≃

√︃
ξ IL λ

2
L2.74 × 1018Wcm–2 μm (2.37)

where λL is the laser wavelength, IL the laser intensity and ξ = 2 for linear polarisationand ξ = 1 for circular polarisation. As soon as a0 ≃ 1 the electrons oscillation velocitybecomes so high that relativistic effects must be considered, while a0 ≪ 1 representsthe nonrelativistic case. After defining a0, Equation 2.35 and Equation 2.36 can now beeasily rewritten to:
vosc = a0 c (2.38)
vlong = a20 c4 (2.39)

This result clearly shows how the two velocity components scale with a0, which is partic-ularly interesting when the laser intensity is increased. Apart from the oscillating com-ponent in the longitudinal direction, there is also a static drift velocity:
vdrift = a20 c

a20 + 4 (2.40)
For a linearly polarised laser, the combination of all velocity components results in afigure-of-eight motion of electrons in their rest frame and a zig-zag motion in the labora-tory frame. For a circularly polarised laser, the oscillating v⃗ × B⃗ component vanishes andthe electrons move radially in their rest frame, while following a helix trajectory in thelaboratory frame. Figure 2.3 visualises this behaviour of the electrons for different polar-isations, which is of central importance for the plasma heating mechanisms introducedin subsection 2.2.4.
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Figure 2.3: Visualisation of relativistic electron motion in an electromagnetic field withan intensity of a0 = 1 for both linear (blue) and circular (orange) polarisations:The left plot shows the 3D electron trajectories in the laboratory frame, while the otherthree plots depict the electron motion in the x-direction (electric field oscillation direc-tion) against the z-direction (electromagnetic field propagation direction) in the labo-ratory frame (left) as well as in the rest frame of the electron (center) and against they-direction (magnetic field oscillation direction) in the rest frame of the electron (right).

2.2.3 Ponderomotive force

The previous section considered the electromagnetic field as a plane wave, where theintensity is constant in space and only slowly varying in time. According to theWoodward-Lawson theorem [40, 41], isolated, relativistic electrons will not gain a net energy transfer
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from the laser in this scenario, as they return to their initial position after a full laser cycle.However, this principle is altered in the presence of additional static fields or if the oscil-lating electromagnetic field features a spatial or temporal intensity gradient. To achieverelativistic intensities in realistic experimental conditions, ultrashort laser pulses are usu-ally tightly focused to a small spatial area and strongly compressed in time. This createsinhomogeneous electromagnetic fields that affect the electron trajectories. During theiroscillation, electrons are accelerated in the first half-cycle into regions of lower laser in-tensity, causing them to experience a lower restoring force during the second half-cycle.This results in electrons being pushed away by the so-called ponderomotive force F⃗Pfrom regions of highest laser intensity. A quantitative expression for the ponderomo-tive force was first derived by Bauer et al. [42] as well as Quesnel and Mora [43]. In thenonrelativistic regime, the ponderomotive force averaged over a laser cycle becomes:
F⃗P = – e2

2me ω
2
L

∇ ⟨E⃗2⟩ = – e2
8 π2 ε0me c

3 ∇ ( IL λ2 ) ∝ ∇ a
20 (2.41)

where ⟨E⃗2⟩ = |E⃗|2 / 2 is the time averaged squared electric field. This also allows todefine a ponderomotive potential ΦP by considering F⃗P = –∇ΦP:
ΦP = e2 ⟨E⃗2⟩

2me ω
2
L

(2.42)
As discussed in subsection 2.2.2, relativistic electrons experience an additional longitudi-nal drift due to the non-negligible influence of the magnetic field and an relativistic massincrease, yielding:

F⃗P = –me c
2 ∇ ⟨γ⟩ (2.43)

where ⟨γ⟩ is the time averaged Lorentz factor of an electron, being ⟨γ⟩ = √︁1 + a20 / 2 for
linear polarisation and ⟨γ⟩ = √︁1 + a20 for circular polarisation. The relativistic pondero-motive potential can then be derived as:

ΦP = me c
2 (⟨γ⟩ – 1) (2.44)

2.2.4 Plasma heating processes

After electrons have been freed from their binding potential, they are able to interact withthe electromagnetic field of the laser. During this interaction the electrons can absorbenergy from the laser by multiple mechanisms which depend on laser parameters likewavelength, intensity, polarisation and angle of incidence but also on the plasma densitydistribution. The transfer of laser energy into kinetic energy of electrons is referred toas plasma heating, since the final Maxwellian velocity distribution of the electrons canbe described by an average temperature Te. This temperature of the heated and thushot electrons is different from the background or unheated, cold electrons, which arenot affected by the laser. As previously discussed in subsection 2.1.3, the laser can onlyinteract efficiently with an overdense plasma up to a certain distance, introduced as skindepth ls. Beyond this distance, the electromagnetic field of the laser is rapidly attenu-ated and the heating of the plasma becomes less efficient. Therefore, most of the in-teraction and absorption processes occur at the interface between the underdense andoverdense plasma. The most important absorption mechanisms during laser-matter in-teraction are discussed in the following section, while detailed information can be foundin the literature [33, 39, 44, 45].
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Plasma expansion

As realistic laser pulses always feature preceding laser light components which can in-teract with the plasma, a significant amount of thermal pressure is applied before themain pulse arrival. This causes the plasma to expand into surrounding vacuum with avelocity which can be approximated by the ion sound speed cs:
cs = √︃(︂Z kB (Te + Ti)

me

)︂
(2.45)

with Te and Ti beeing the average electron and ion temperature, respectively.Depending on the detailed temporal intensity profile of the laser pulse, expansion of theplasma can happen long before themain laser pulse arrives. This results in a reduction ofthe plasma core-density and a deviation from the initially step-like spatial plasma densityprofile resulting in an altered exponential plasma density profile:
ne (z) = n0 exp

(︂ –z
LP

)︂
(2.46)

where z is the distance from the target surface, n0 the initial electron density and LP thecharacteristic plasma scale length, which can be calculated with the plasma expansiontime ts as LP = cs ts. Such calculations deliver a simple estimation for LP, while more re-alistic values can be obtained by performing hydrodynamic simulations and fitting LP tothe resultant plasma density profile.
Inverse Bremsstrahlung

When an electron collideswith another charged particle, it decelerates and emits electro-magnetic radiation, a process known as Bremsstrahlung radiation. Inverse Bremsstrahlungis the reverse process and one of the most common absorption mechanisms. Thereby,the electron is accelerated by the electric field of the laser, resulting in a transfer of en-ergy from the laser photon to the electron. Typically, the electron will not gain energydue to experiencing an equal and opposite acceleration in the oscillating field of thelaser pulse. However, if the electron collides with an ion during the oscillation, energywill be transferred from the electron to the ion, resulting in a net loss of energy by thelaser through collisions of charged particles. The frequency for those electron-ion col-lisions (c.f. Equation 2.32) was introduced in subsection 2.2.1 and can be simplified forthe following discussion to:
νei ≃ 2.91 × 10–6 ne Z

T3/2e

ln
(︂
λD kB Te

Z e2
)︂

∝ ne Z

T3/2e

(2.47)
High plasma densities ne, high-Z materials and low electron temperatures Te are lead-ing to an increase of νei and thus to higher absorption. As the laser intensity increases,the electron temperature rises accordingly, leading to a reduction of the collision fre-quency νei and thus reduced absorption via inverse Bremsstrahlung. As a result, inverseBremsstrahlung is most efficient for lower laser intensities where the plasma remainscollisional. The relevant intensity regime for collisional absorption is limited to intensi-ties below 1017Wcm–2.
Resonance absorption

Resonance absorption is a mechanism where energy is transferred from the laser to theplasma electrons through the excitation of resonant plasma waves at the critical density
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surface. To facilitate this process, the incident laser pulse must be p-polarised and di-rected at an oblique angle θ relative to the target. Laser light will only propagate up to
ne = nc cos2(θ) before being reflected. However a fraction of the laser field can tunnel upto the critical density nc where it will excite a resonant plasmawave atωP = ωL [45]. As thelaser pulse propagates under an oblique angle through the plasma, it also continually ex-periences refraction due to the inhomogeneity of the plasma density (c.f. Equation 2.22).This results in amodification of the laser intensity and phase, which in turn affects the ex-citation of resonant plasma waves. To effectively drive a plasma wave, the plasma scalelength Lp must be greater than the laser wavelength λL, and there must be an electricfield component parallel to the density gradient. The excited plasma wave will furthertransfer energy to the cold plasma via collisional damping effects of the wave or wavebreaking. Resonance absorption is dominant for laser intensities below 1017Wcm–2 butthe efficiency is reduced for steep plasma density gradients and when the incident laseris directed perpendicular to the target surface.

Vacuum heating

Vacuum heating, which is also referred to as Brunel heating or “not-so-resonant, reso-nant absorption” [46] occurs under very similar conditions as described for resonanceabsorption, but in the presence of steep plasma gradients where Lp < λL. In this regime,the sharp transition from vacuum to an overdense plasma prevents the excitation ofplasma waves at the critical density nc. Instead, during one half cycle of the laser’s elec-tromagnetic field electrons are pulled out from the plasma into vacuum. In the subse-quent half cycle of the oscillation, the electrons get accelerated back into the overdensetarget andmay even surpass the critical density surface. There, the electromagnetic fieldof the laser quickly decays within the skin depth ls, resulting in a weaker or even vanishingrestoring force acting on the electrons. Consequently, the electrons get a net positiveenergy gain and continue to propagate into the target with the laser frequency ωL. Nu-merical simulations of this phenomenon have provided a more detailed understanding,revealing that electrons can undergo multiple oscillations before they are finally pushedbeyond the critical density.

j x B heating

As soon as the laser intensity is within the relativistic regime a0 ≥ 1, electrons get rapidlyaccelerated close to c within a single laser cycle. As introduced in subsection 2.2.2, the
v⃗ × B⃗ term of the Lorentz force becomes relevant, leading to 2ωL oscillations of elec-trons along the laser propagation direction for linearly polarised light. As a consequence,electrons located at the plasma front are accelerated at twice the laser frequency intothe overdense plasma region, where they experience reduced electromagnetic fields.This process resembles vacuum heating and the ponderomotive force, as electrons areejected from regions of high laser intensity into the laser propagation direction. Theelectrons will thereby acquire a mean energy which can be approximated by the pon-deromotive potential ΦP:

kB Te ≃ ΦP = me c
2 (⟨γ⟩ – 1) ∝

√︁
IL λ

2
L

(2.48)
For circular polarisation, the oscillating term of the electronmotion disappears, resultingin a steady push forward with the previously introduced drift velocity vdrift . When com-bined with normal incidence, this leads to a significant suppression of electron heating,
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which is advantageous for processes that primarily rely on laser pressure as the domi-nating mechanism (e.g. radiation pressure acceleration, which will be discussed in sub-section 2.3.2).
Scaling laws

The previous paragraphs discussed different heating mechanisms through which laserenergy can be transferred to electrons. These mechanisms lead to the generation of rel-ativistic “hot” electrons, which propagate away from the target, as well as a population of“colder”, less energetic electrons that remain within the bulk of the target. The interactionbetween the target and a high-intensity laser pulse typically involves a complex interplayof these heating mechanisms, as their dominance varies for different laser (intensity IL,
Angle Of Incidence (AOI), polarisation) and target parameters (plasma scale length LP,material). For various applications of laser-plasma interactions, especially laser-drivenion acceleration, understanding and optimising the efficiency of this laser to electronenergy transfer for different interaction parameters is of great importance. To compre-hend and anticipate experiments, there have been numerous analytical and empiricalendeavours, to establish a scaling of the hot electron temperature Thot . During laser-solidinteraction with high-intensity laser pulses, j⃗×B⃗ heating is usually the dominating heatingmechanism. The scaling of the hot electron temperature for this mechanism, known asponderomotive or Wilks scaling [47], suggests Thot ∝ (IL λ2L )1/2 (c.f. Equation 2.48). How-ever, experiments with ultra-high laser intensities struggled to follow the ponderomotivescaling. Beg et al. reported an empirical scaling of experimental data (1017Wcm–2 < IL <1019Wcm–2, linear polarisation, AOI = 30∘), where Thot ∝ (IL λL)1/3 [48]. These resultscould be reproduced and extended up to IL ≃ 5 × 1021Wcm–2 for different pulse du-rations (0.5 – 5ps), AOI (0∘ – 40∘) and target materials [49, 50]. Haines et al. developedan analytic models based on momentum conservation, which is in agreement with Beg’sempirical scaling of experimental data [51]. Another analytical approach was derivedby Kluge et al., which utilises a weighted average of the kinetic energy of the electronsand is applicable to both relativistic and non-relativistic laser intensities [52]. This modelshowed high agreement to both experimental and simulation data and is given by:

Thot ≃

⎧⎪⎨⎪⎩
IL λ

2
L
, a0 ≪ 1.√︁

IL λ
2
L

(︂
ln
(︂√︁

IL λ
2
L

)︂)︂–1 , a0 ≫ 1. (2.49)

Dover et al. proposed a heuristic model that also considers the focal spot size of the laserand thereby restricts the effective electron acceleration length [53]. Their model reflectsthat electrons escape the focal spot of the laser and undergo transverse scattering be-fore reaching the maximum ponderomotive potential, explaining a slower scaling of Thot .Other experimental and simulation results infer, that the deviation from the ponderomo-tive scaling is related to non-ideal pre-plasma conditions and reduced energy couplingefficiency at the target front side [54, 55].

2.3 Laser-driven ion acceleration mechanisms

The previous sections of this chapter studied in detail how plasma electrons are affectedand accelerated by the electromagnetic field of a laser pulse. So far, ion motion hasbeen ignored during this interaction due to their significantly higher mass comparedto electrons (mi ≥ 1836me). This approximation is justified on the sub-ps time scaleand as long as the laser intensity is below IL λ
2
L

≈ 5 × 1024Wcm–2 μm2 (corresponds to
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a0 < 1836). Such intensities are currently unattainable even with the most advancedhigh-power laser systems.However, ions can still be accelerated indirectly through a secondary process mediatedby plasma electrons. As described in subsection 2.2.4, electrons get accelerated andexpand from the target, leading to a charge separation of electrons and ions. This pro-cess generates quasi-static electric fields within the plasma, which can reachmagnitudesof several TVm–1, far exceeding the field strengths achievable by conventional radio-frequency technology (tens of MVm–1) [56]. Irradiating micrometer-thick targets withhigh-intensity laser light generates these sheath fields and has established as the mostreliable method for laser-driven ion acceleration. The achievable maximum ion energiesfor this process primarily depend on the amount of laser energy which can be convertedinto hot electrons.In recent years, a number of advanced and conceptually different ion accelerationschemes have been identified and investigated in both theoretical and numerical stud-ies. These schemes aim to utilise electromagnetic field structures to achieve a morecoherent acceleration of ions, with the prospect of improved particle beam parameterssuch as higher maximum ion energies, reduced divergence, reduced energy spread andothers. However, the experimental realisation and differentiation of these advanced ac-celeration schemes has proven to be difficult, especially since several accelerationmech-anisms can coexist during the entire laser-plasma interaction.
This section provides an introduction to the physics of the different ion accelerationschemes, building on the previously discussed principles of laser-plasma interaction andlaying the foundation for the experimental studies in chapter 4, chapter 5 and chapter 6.A comprehensive overview and more details about the different mechanisms can befound in the review papers by Daido et al. [2] and Macchi et al. [3].

2.3.1 Target normal sheath acceleration

To date, themost extensively studied and robustmethod to accelerate ions is the Target-
Normal Sheath Acceleration (TNSA)mechanism. This process is illustrated in Figure 2.4and involves the acceleration of ions from a contamination layer located on the surface ofa typically micrometre-thick solid-state target when irradiated by a high-intensity laser.The pioneering experiments conducted by Snavely et al. [4] and Clark et al. [5] demon-strated the acceleration of ions to multi-MeV energies per nucleon. Maksimchuk et al.reported at the same time also the generation of a ≈ 1MeV proton beam using ultra-short laser pulses with significantly lower laser energy [57]. These experimental break-throughs were later explained theoretically by Wilks et al., providing a comprehensiveunderstanding of the underlying physics and mechanisms involved in TNSA [17].The interaction of the preceding light of the laser pulse with the target front side initi-ates the formation of a plasma and subsequent heating through laser energy absorption,as discussed in subsection 2.2.1 and subsection 2.2.4. Front side accelerated electronspropagate into the bulk of the target, thereby causing further ionisation and the gen-eration of return currents within the target. Electrons which acquired sufficiently highenergies can even propagate through the entire target and expand from the target rearinto the surrounding vacuum. As more and more electrons leave the target, the targetgets a net positive charge balance, resulting in Coulomb forces that are pulling back theescaping electrons. However, very energetic (“fast”) electrons can overcome this restor-ing force and freely propagate into the vacuum. Lower energetic electrons, re-enter thetarget and begin to recirculate between the front and rear side of the target [58, 59].As a consequence, electrons start to effectively accumulate at the target rear, forming
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Figure 2.4: Schematic of the target normal sheath acceleration process: The precedinglaser light starts to generate a plasma with pre-plasma scale length LP at the targetfront side where electrons are heated and accelerated into the target by absorbingenergy from the laser. As electrons exit the target rear, they form the Debye sheath,leading to a quasi-static electric field and subsequent accelerations of ions from thecontamination layer on the target rear.

a Debye sheath with a longitudinal spatial extension which is determined by the Debyelength λD (see Equation 2.1). The lateral extension of the sheath is related to the dynamicof the electrons as they propagate through the target in a diverging cone geometry [60,61]. An estimation for the lateral sheath radius B was proposed by Schreiber et al. [62]using the following equation:
B = rL + d tan θ (2.50)

where rL denotes the laser spot size, d the initial target thickness and θ the half opening-angle for electrons propagating through the target. Experimental and numerical studieshave shown that θ ranges between 20∘ – 50∘ [63, 64].TheDebye sheath and the positively charged target generate a very intense (≥ 1012 Vm–1)quasi-static electric field which is oriented perpendicular to the target normal surface.The electric field quickly ionises atoms from the contaminant layer as well as in the bulkof the target and accelerates them to relativistic energies. The contaminant layer primar-ily includes hydrocarbons and water vapour that adhere on the target surface under thevacuum environment conditions of a typical experiment. Multiple ion species are usu-ally accelerated from the target, resulting in a layered expansion of the ion population,where ions with the highest charge-to-mass ratio (q /m ) are accelerated first and withhighest efficiency. This leads to an overall sequential acceleration process, where addi-tional screening effects between different ion species need to be considered [65, 66].There have been experimental attempts to modify the rear surface of the target, e.g. byablation of the contaminant through a heating lasers [67]. Finally, electrons and ionsexpand as a quasi-neutral plasma into the vacuum.
Analytic modelling

Several analytical models have been developed by different authors to understand theTNSA process and the scaling of maximum ion energy with laser power. Although these
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models often oversimplify the complex interaction, they remain a valuable tool for esti-mating the overall efficiency of the acceleration process and predicting the ion energyunder optimal conditions. Perego et al. conducted a comprehensive review that com-pared these models with experimental data to evaluate their predictive capabilities [68].
The widely recognised Mora model [69], describes an isothermal, collisionless expan-sion of a quasi-neutral plasma as a fluid in one dimension to estimate the position andvelocity of the ion front. The model assumes initially cold ions with a step-like densitydistribution and electrons at a single temperature following a Boltzmann distribution(c.f. Equation 2.4). The charge separation generates an electric potential which satisfiesthe Poisson equation (c.f. Equation 2.3) and leads upon integration (half space from tar-get rear to infinity) to the following simple expression for the initial (t = 0) electric fieldat the ion front:

Efront,0 = √︃ 2 E20exp (1) (2.51)
where E0 = √︀n0 kB Te / ε0 is the characteristic electric field strength of the self-similar so-lution.For t > 0 the expansion of the ions into the vacuum needs to be considered which canbe described e.g. as an isothermal fluid. Assuming quasi-neutrality ne (z, t ) = Z ni (z, t ) for
z > λD and using the continuity and force equations for an ion fluid, finally results in theself-similar solution for the ion density ni,ss , ion velocity vi,ss and the electric field Ess [33,44]:

ni, ss = ni,0 exp
(︂ –z
cs t

– 1
)︂

(2.52)
vi, ss = cs + z

t
(2.53)

Ess = 𝜕φss
𝜕z = E0

ωP t
(2.54)

with initial ion density ni,0 and ion sound speed cs (c.f. Equation 2.45). However, theself-similar solution lacks a physical meaning when the plasma scale length LP = cs t issmaller than the local Debye length (i.e. ωP t < 1) as well as when t goes towards infinity(as vi,ss would also go to infinity). The self-similar solution for vi,ss predicts in the asymptoticlimit (ωP t ≫ 1) an electric field at the ion front of:
Efront ≃ 2 Ess = 2 E0

ωP t
(2.55)

Mora studied this problem with numerical methods and introduced an expression for
Efront , which empirically describes the electric field at the ion front for all values of t, i.e.reproducing Equation 2.51 and Equation 2.55 within their valid limits:

Efront ≃ 2 E0√︁2 exp (1) + ω2
P
t2

(2.56)
By integrating dvi, front / dt = Z e Efront /mi, the ion front velocity vi,front and thus the maxi-mum ion energy Emax,Mora can be estimated as:

Emax,Mora ≃ 2 Z kB Te (︁ ln(︁τ +√︀τ2 + 1)︁)︁2 (2.57)
where τ = ωP t /√︀2 exp (1) is the normalised acceleration time. Equation 2.57 thensimplifies in the asymptotic limit (ωP t ≫ 1) to:

Emax,Mora ≃ 2 Z kB Te [ ln(2 τ) ]2 (2.58)
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The Mora model also predicts the experimentally observed exponentially decaying par-ticle spectrum:
dN
dE = ni,0 cs t√︀2 E Z kB Te exp

(︃
–
√︃ 2 E
Z kB Te

)︃
(2.59)

The clear limitations of this model are the assumption of only one single and temporallyconstant electron temperature, neglecting energy transfer between electrons and ionsand an arbitrary relationship between the density of front side accelerated hot electronsand the ion density at the target rear. Another important point is that the effective ac-celeration time t has to be limited due to the finite nature of the laser pulse duration
τL. Without this limitation Emax,Mora would otherwise get a logarithmically diverging char-acter which is clearly unphysical. Fuchs et al. empirically found that t = 1.3 τL appliedto the Mora model fitted their collection of experimental data [18]. They refined thisresult later in a dedicated study to t = α (τL + 60 fs), where α = 1.3 for laser intensi-ties IL > 3 × 1019Wcm–2 [70].Mora later proposed an extendedmodel considering the collisionless expansion of a thinfoil into vacuum [71]. In this improved model, the assumption of an isothermal expan-sion is replaced with an adiabatic expansion (i.e. accounting for cooling of the electronfluid) and a time-dependent electron temperature Te (t) is introduced.
Schreiber et al. introduced an alternative approach to describe the TNSA process fromthick foil targets. He linked this process to a backside illuminated photo-anode and in-troduced a non-relativistic quasi-static model to analyse the phenomenon analytically in1D [62]. According to themodel, front side generated hot electrons induce a radially con-fined surface charge on the target rear, resulting in the acceleration of ions. Schreiberassumed that the laser pulse, characterised by energy EL and pulse duration τL, accel-erates a specific number of electrons given by Ne = η EL / Ee to an average energy of Ee.
η is the only freely selectable parameter of this model and represents the conversionefficiency from laser energy into dominantly kinetic energy of electrons Ee ≃ kB Te. Theelectrons follow an exponential energy distribution and are confined within a bunch oflength L = c τL. It should be noted that only the most energetic electrons exit the tar-get completely. The majority of the electrons propagate to λD, where they reverse theirdirection and re-enter the foil. On average, a certain number of electrons remain perma-nently outside the target, thereby inducing a surface charge at the target rear denoted as
Q = 2Ne λD / L. The specific radius B (c.f. Equation 2.50) of the induced surface charge alsorepresents the effective source size from which ions can be accelerated. With the aboveassumptions, the Poisson equation (c.f. Equation 2.3) can be solved in a cylindrically sym-metric geometry (electron propagation direction z), yielding the following expression forthe on-axis electric potential:

–eΦ (z) = E∞

(︃
1 + z

B
–
√︂
1 + (︁ z

B

)︁2)︃ (2.60)
where E∞ is the potential barrier that electrons must overcome to escape the potentialof the foil target:

E∞ = Qe2
2 π ε0 B = 2me c

2
√︃

ηPL8.71 [GW] (2.61)
Using Equation 2.60 the following expression for the electric field can be obtained:

E (z) = kB Te

e λD

(︂
1 – z√

B2 + z2
)︂

(2.62)
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In the case of an infinitely long laser pulse (i.e. the electric field E (z) is stationary), an ionwith charge Zi e can get the following maximum kinetic energy Ei,max:
Ei,max = Zi E∞ = 2 Zime c

2
√︃

ηPL8.71 [GW] ∝
√︀
PL (2.63)

This is clearly different to the Mora model, where the ion energy would tend to infin-ity for an infinitely long laser pulse. To account for a time depending acceleration pro-cess, the electron bunch is only present for a limited time. Integrating the equation ofmotion and introducing X = √︀Ei,norm / Ei,max and the normalised maximum ion energy
Ei,norm = Emax,Schreiber / (mi c

2) finally yields:
τL

τ0 = X + X

2 (1 – X2) +
1
4 ln

(︂1 + X
1 – X

)︂
(2.64)

where τ0 = B / v∞ = √︀
B2mi / (2 E∞). After a Taylor expansion of Equation 2.64 around

X = 0 the following expressions for X and Emax,Schreiber are obtained:
X = tanh

(︂
τL2 τ0
)︂

(2.65)
Emax,Schreiber = X

2
Ei,max (2.66)

The developedmodel was later extended to solve also the relativistic equation of motionwhich requires to add a relativistic correction term to Equation 2.64 [72].
Passoni and Lontano developed another quasi-static model focusing only on the con-tribution of hot electrons that are trapped by the electrostatic potential at the rear sur-face [73]. Electrons which are accelerated above a certain threshold energy will be ig-nored as they escape the system and do not contribute to the ion acceleration. This alsoensures that after solving the Poisson equation, all physical quantities (electron densitydistribution, electrostatic potential and electrostatic field) tend to 0 for large distances
z ≫ λD. Their analysis predicts a finite spatial extend of the acceleration field and a rela-tion between the characteristics of the hot electrons and the accelerated ions.
Furthermore, several models have been proposed specifically for layered targets, incor-porating a thin hydrocarbon layer on the rear surface of the target. These models takeinto account the presence of the hydrocarbon layer and its effects on the accelerationprocess [74–76].
2.3.2 Radiation pressure acceleration

Radiation Pressure Acceleration (RPA) is an advanced laser-driven acceleration mech-anism that exploits the momentum transfer from intense electromagnetic radiation, i.e.photons, to electrons upon reflection on the target surface. This concept dates back toa theoretical description by Veksler [77] in 1957 and the visionary idea by Marx in 1966,proposing the utilisation of laser-generated radiation pressure to enable the interstellartransportation of a spacecraft [78].The pressure Prad exerted by the laser light upon reflection from a plane surface of amedium at rest can be calculated for a monochromatic, plane electromagnetic wave ofintensity IL under normal incidence using the following equation [3]:
Prad = ( 1 + R – T ) IL

c
= ( 2R + A ) IL

c
(2.67)
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where R, T and A represent the coefficients for reflection, transmission and absorption,respectively. The energy conservation principle further requires that R + T + A = 1.
In the context of laser-plasma interaction, RPA occurs when a high-intensity laser pulseinteracts with an overdense plasma. The immense photon pressure exerted by the laserpulse drives the acceleration of plasma electrons, leading to charge separation and theestablishment of strong electrostatic fields, subsequently accelerating target ions to highkinetic energies. This process happens when the radiation pressure Prad of the lasergets greater than the thermal pressure of the plasma Pth = ne kb Te. Numerical simula-tions conducted by Esirkepov et al. showed that RPA is dominating over TNSA for laserintensities IL > 1023Wcm–2 and that a quasi-monoenergetic ion spectrum with smalldivergence is generated [79, 80]. Furthermore, numerous theoretical studies have ex-tensively investigated RPA for different configurations of laser and target parameters toprovide insights into the optimal acceleration conditions for RPA (e.g. [81–90] and ref-erences therein). Results from those analytical and simulation studies have shown thatRPA can be split into two distinct phases, namely hole boring and light sail, which areillustrated in Figure 2.5.

Figure 2.5: Schematic of the Radiation Pressure Acceleration (RPA) process: In holeboring RPA (left) the laser pressure pushes electrons from the target front side collec-tively into the target, effectively boring a hole into the plasma distribution. This leads toa charge separation between those electrons and immobile ions which results in thegeneration of a strong electrostatic field, subsequently accelerating the ions to highvelocities. If the target is sufficiently thin, the moving hole boring front can reach thetarget rear before the laser ends, resulting in an acceleration of the entire plasma slab.As long as the plasma slab remains overcritical, the laser pulse exerts pressure to it,thereby continuously accelerating the electrons with ions following closely. This is re-ferred to as the light sail RPA scenario (right).

Hole Boring

Initially, for thick overdense targets, the high-intensity laser pulse interacts with the frontside of a solid-density target. In this context, a “thick” target implies that the laser pulsecannot interact with the target rear, i.e. the plasma skin depth (introduced in subsec-tion 2.1.3) is smaller than the target thickness: ls < d.The laser pulse exerts a ponderomotive pressure on the electrons at the critical densitysurface, pushing them forward into the overdense plasma. Effectively, the laser boresa hole in the plasma, resulting in the formation of a peaked plasma layer of high elec-tron density. As the heavier ions are left behind, a positively charged region is formed atthe front surface and partially in the bulk of the target. This charge separation creates
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an electrostatic field, which in turn accelerates ions from the positively charged region,producing a highly collimated, high-energy ion beam.Wilks et al. derived an expression for the velocity of the hole boring front vhb,nr in the non-relativistic case by balancing themomentum flux of themass flowwith the light pressure,resulting in the following expression [47]:
vhb,nr = (︃ c2

2
nc

ne

Z

A

me

mp

ξIL λ
2
L2.74 × 1018

)︃1/2
(2.68)

where Z is the ionisation state, A the mass number and ξ = 2 for linear polarisation and
ξ = 1 for circular polarisation, respectively. Similar expressions for vhb were derived byMacchi et al. [91], Zhang et al. [81] and Robinson et al. [85]. Furthermore, Robinson in-troduced the dimensionless piston parameter Ξ:

Ξ = ξ IL

mi ni c
3 = a

20 nc
ne

Z

A

me

mp

(2.69)
with ion mass mi = Amp , ion density ni = Z ne and the dimensionless vector potential
a0 = √︀ξ IL /me c

3 nc as introduced in Equation 2.37. Using Equation 2.69 simplifies Equa-tion 2.68 to:
vhb,nr = c

√Ξ (2.70)
The balance of mass and momentum flow at the moving hole boring front necessitatesthe presence of an ion flow that is reflected from the recession front with ion velocity
vi = 2 vhb. The energy of the accelerated ions can then be calculated by:

Ehb,nr = mi (2 vhb,nr)22 = 2 ξ IL
ni c

= 2mi c
2 Ξ ∝ a

20 (2.71)
However, it is important to note that the expressions in Equation 2.68 and Equation 2.71are only valid in the non-relativistic regime. At relativistic intensities, vhb,nr is predicted toexceed the speed of light, which is a physically meaningless result. Robinson thereforederived a relativistic correction and obtained a fully relativistic description for the holeboring velocity:

vhb = c
√Ξ

1 + √Ξ (2.72)
Using this expression for vhb and the corresponding Lorentz transformation, the maxi-mum ion energy Emax,hb in the laboratory frame can then be calculated by:

Emax,hb = mi c
2
(︂ 2 Ξ
1 + 2√Ξ

)︂
∝

2 a201 + 2 a0 (2.73)
To achieve highest ion energies within this scheme, it is advantageous to reduce the elec-tron density of the target to values slightly above nc, whereas only modest ion energiesmight be obtained for highly overdense targets, e.g. solid density foils with ne ≥ 200nc.First experimental signatures for hole boring were obtained in the mid-nineties by mea-suring spectral changes from laser light which was reflected from the plasma [92–94].The observed red-shift of the laser spectrum allowed for an estimation of the velocityof the moving plasma front and for a comparison to the theoretical treatment by Wilks.This approach has been extended by incorporating a model that also considers the pre-plasma formation and the steepening of the plasma density profile throughout the entireinteraction with the laser pulse [95, 96]. This extended model enables the characteri-sation of pre-plasma properties on time-scales preceding the arrival of the laser pulse
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peak. Palmer and Haberberger reported the first experiments where the acceleratedparticle beam featured the typical RPA signature of a quasi-monoenergetic energy spec-trum. The first experiments to report a characteristic signature of hole boring RPA for theaccelerated particle beam, namely a quasi-monoenergetic particle spectrum, were con-ducted by Palmer et al. [97] and Haberberger et al. [98] using near-critical gas-jet targetsand CO2 lasers. Another theoretically studied variant of the hole boring process occurs,when the laser propagates into a relativistically transparent plasma, propelling the Rel-
ativistic Transparency Front (RTF) [99, 100]. At the RTF the plasma density equals therelativistic critical density ne = γnc and the laser is reflected. Upon reflection, the laserpressure at the RTF generates a charge separation front, resulting in accelerations of ionssimilar to the classic hole boring scenario. When γ is still icreasing during the interactionand electrons are simultaneously pushed forward by the laser pressure, the actual po-sition of the RTF also moves forward. When this movement of the RTF is synchronisedto the movement of the initially accelerated ions, a highly efficient energy transfer fromthe laser to the ions can be realised.

Collisionless Shock Acceleration

The experimental results byHaberberger et al. [98] were attributed toCollisionless Shock
Acceleration (CSA) which is theoretically very similar to hole boring RPA. The pondero-motive force of the laser at the front surface of the target creates a steepening elec-trostatic wave that evolves into a shock wave. This shock wave propagates through thetarget material, relatively undisturbed, and accelerates ions that are reflected from theshock front. The ions gain energy as they interact with the shock, reaching velocities upto twice the shock speed. As hole boring RPA involves the reflection of ions from thecharge separation front created by the laser interaction with a solid target, this processcan only be sustained as long as the laser pushes against the critical surface. CSA, how-ever, relies on the formation and propagation of a collisionless electrostatic shock toaccelerate ions, a process that can continue long after the laser pulse has ended. De-navit first observed the formation of electrostatic shocks in numerical simulations, whenan intense laser pulse is interacting with an overdense plasma [101]. Silva et al. [102] andd’Humières et al. [103] studied in detail, under which interaction parameters CSA domi-nates over TNSA. Numerical studies by Chen et al., Zhang et al. andMacchi et al. exploredhow different target properties (e.g. thickness, density, temperature, ion species) af-fect the shock characteristics [104–106]. Experimental work by various research groupsdemonstrated CSA features using gas jets [98, 107, 108] and pre-expanded solid foiltargets [109–113] or microspheres [114]. Especially this scenario, where the preced-ing laser light or an artificial pre-pulse leads to ionisation and expansion of a solid targetbefore themain pulse arrival, is particularly relevant for the experimental results in chap-ter 5 and chapter 6. Theoretical work by Fiuza et al. [115] and numerical simulations byKim et al. [116], Stockem Novo et al. [117] and Zhang et al. [113] demonstrated that thispre-expansion and subsequent electron heating in a near-critical plasma, plays a crucialrole in shock formation and subsequent ion acceleration.

Light Sail

Hole boring RPA is sustained until either the laser pulse ends or the target thickness
d is such that the moving hole boring front reaches the target rear surface d < vhb τLbefore the laser pulse ends. In the latter scenario, the entire target volume is accelerated
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by the laser and as long as this plasma slab stays overcritical (ne > nc), the laser pulsewill continuously push against it. Laser light which is reflected from this moving surfaceundergoes a redshift and transfersmomentum to the plasma. This leads to a continuousacceleration process, where ions, which are no longer screened by surrounding plasma,rapidly reach relativistic velocities and closely follow the motion of the electrons. Sincethe whole plasma slab co-propagates with the laser pulse, this acceleration scheme isreferred to as the light sail ormoving mirror scenario of RPA.In the non-relativistic case, the velocity of the moving plasma slab vls,nr can be estimatedby considering the momentum change of the plasma slab due to the radiation pressure(assuming no transmission T = 0):
Prad S = ( 1 + R ) IL

c
S = dp

dt = mi ni S d
dv
dt (2.74)

where S is the surface area and d the thickness of the plasma slab. Rearranging for thevelocity and integrating over the pulse duration τL yields:
vls,nr = ( 1 + R ) IL

c

τL

nimi d
(2.75)

To derive the light sail acceleration velocity in the relativistic limit, a similar calculation canbe done after applying a Lorentz transformation into the rest frame of themoving plasmaslab, as detailed in [118]. Assuming that the plasma slab is perfectly reflecting (R = 1)and that the fluence of the laser F can be approximated by a flat-top intensity profilemultiplied by the pulse duration ( F = IL τL ), the following expression for the relativisticlight sail velocity vls can be achieved:
vls = [ 1 + E ]2 – 1

[ 1 + E ]2 + 1 (2.76)
where the dimensionless parameter E is defined as:
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Using this expression also Equation 2.75 can be simplified to:
vls,nr = E

c
(2.78)

The maximum energy per nucleon of an ion of the plasma slab can then be calculatedwith Equation 2.76:
Emax, ls = mp c

2 E2
2 ( 1 + E ) ∝

a40 τ2L
d2 + a20 τL d (2.79)

In the non-relativisitc limit ( a0 ≪ 1 ) and in the ultra-relativistic limit ( a0 ≫ 1 ), Equa-tion 2.79 can be simplified to:
Emax, ls ∝

(︃
a20 τL
d

)︃b {︃
b = 2, a0 ≪ 1.
b = 1, a0 ≫ 1. (2.80)

In summary, the light sail regime predicts highest ion energies for the thinnest targetswith the lowest possible plasma density and the highest laser intensity. Kar et al. [119]and Gonzales-Izquierdo et al. [120] performed experimental studies to investigate thetransition from the hole boring regime to the light sail regime of RPA. They systematically
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reduced the thickness of the target material and observed characteristic changes in theparticle spectra as well as the properties of reflected and transmitted light, respectively.By maintaining an overcritical plasma density for sufficiently thin targets and efficientlysuppressing electron heating as well as the growth of plasma instabilities, light sail RPAoffers a superior scaling of maximum ion energies compared to TNSA and hole boringRPA. This makes light sail RPA to one of the most promising regimes for laser-driven ionacceleration. However, simulations under more realistic conditions [83, 90, 121, 122]and experimental studies [25, 123–129] have shown, that light sail acceleration can beachieved but still faces several demanding challenges that need to be addressed beforeit can become a reliable source of high-energy ions for practical applications. In general,the hot electron generation and the onset of instabilities reduces the maximum achiev-able velocity of the ion beam and increases the energy spread in the ion bunch dueto the strong oscillation of the acceleration field from the action of the ponderomotiveforce in the transverse direction. This might explain why the experimentally observedion spectra were still relatively broad compared to what simulations suggested. Circularpolarisation, ultra-high laser contrast and ultrathin targets are therefore usually a pre-requisite for conducting studies in the light sail regime.

2.3.3 Acceleration in the relativistically induced transparency regime

The phenomenon of Relativistically Induced Transparency (RIT) is of major importancefor the physics and the plasma interaction processes that are discussed in chapter 5and chapter 6. Therefore, the following section provides a detailed introduction to theRIT regime and discusses the relevant ion acceleration scenarios that were explored.
Recent advances in target fabrication techniques and improved temporal laser contrastcleaning have enabled a significant number of experiments in the RIT regime. Theseexperiments have shown promising results, including increased ion energies, reducedbeam divergence and spectrally peaked particle spectra [13, 127, 130–141]. Extensivesimulation work has been carried out to investigate the underlying physical mechanismsresponsible for the observed characteristics of the particle beams [74, 142–157]. Whileseveral schemes have been identified in numerical simulations, there is only limited ex-perimental evidence for one specific scheme or the other, especially since they may alloccur at different stages of the entire interaction. A detailed discussion of the differentschemes and their differences is given below. Furthermore, some experiments have fo-cused on studying nonlinear optical phenomena (e.g. plasma shuttering) that can arisein the RIT regime [158–164].Overall, despite all the work done so far, the optimal RIT interaction parameters thatcan actually be realised experimentally and lead to the desired improved particle beamshave not yet been determined.
Onset of RIT

In the RIT regime, the initially opaque target undergoes a transition to transparency dur-ing the interaction with the laser pulse. This transition occurs due to the combined ef-fects of electron heating, expansion, and the relativistic mass increase. The expansionleads to a reduced electron density and the increased electron mass slows down themotion of the electrons by the Lorentz factor γ (c.f. Equation 2.8). Both effects decreasethe relativistic critical density (c.f. Equation 2.19). However, the ponderomotive forceexerted by the laser pushes electrons forward, causing a compression of the electrondensity profile. The onset of RIT occurs when all effects combined lead to a scenario,
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where electrons are no longer able to shield the plasma from the incident laser. As aresult, the laser induced RPA is curtailed, as the laser can no longer push against thecritical density. Instead, the laser pulse propagates now into the underdense plasmaand volumetrically heats electrons from the bulk of the target. This leads to the gener-ation of strong electric fields, which enable efficient acceleration of ions from the targetbulk. If the target undergoes RIT too early, the peak of the laser can also directly accel-erate electrons to relativistic energies [165–168].
Vshivkov et al. [169] introduced a simplified one-dimensional model to analytically de-scribe the interaction between laser light and an initially overdense plasma. This modelallows to determine a threshold value for the onset of transparency when assuming alaser pulse with perfect contrast, i.e. a Dirac delta function:
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Further theoretical work by various groups was dedicated to understand the onset ofRIT when a high-intensity pulse interacts with a cold plasma slab. This included analyticalsolutions and numerical modelling of interaction at the plasma-vacuum interface [170–172] and the influence of the plasma density [173, 174] as well as electron heating [172,175] on the onset of RIT.
In 2006, research groups at the Lund Laser Centre and at the Laboratoire pour l’utilisationdes lasers intenses greatly improved their temporal laser contrast by implementing aplasma mirror to their experimental setup. This improvement allowed them to inves-tigate, for the first time, ion acceleration from targets with sub-micrometer thickness,which showed a significant increase in the maximum energies of the accelerated pro-tons [176–178]. The results motivated Yin et al. to study theoretically the interaction ofa short laser pulses with carbon foil targets of a few nanometre thickness [144]. Theresults of their numerical simulations showed indeed an increase in maximum ion en-ergies, surpassing by more than an order of magnitude what would by expected fromTNSA. According to their simulations, this energy enhancement was caused by a newacceleration scheme which they referred to as Laser Break-out Afterburner.
Laser Break-out Afterburner

The Laser Break-out Afterburner (BOA) acceleration scheme was proposed by Yin et al.as a result of their one-dimensional simulation study [144]. Further investigations ex-tended the numerical simulations to 2D [146] and 3D [150], thereby demonstrating thescalability of this scheme to higher dimensions. Yan et al. developed an analytical modeldescribing the ion acceleration from thin targets in the BOA regime [148].BOA is a three-stage process that starts with a regime similar to TNSA and later transi-tions into a phase where the target becomes transparent, allowing the laser to effectivelybreak through the plasma. In the early phase of the interaction, energy is converted fromthe laser into hot electrons giving rise to a charge separation field at the rear of the tar-get (TNSA phase). For sufficiently thin targets, the plasma skin depth (c.f. Equation 2.18)is comparable to the target thickness. In such a case, the laser can effectively heat alarge fraction of electrons from the entire target, resulting in an increased conversionefficiency (enhanced TNSA phase). As the interaction progresses, the combined effectsof plasma expansion and laser intensity increase lead to the formation of a relativis-tically transparent plasma. Consequently, the laser can propagate through this trans-parent plasma, allowing for volumetric interaction with the hot electrons (BOA phase).
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Through the ponderomotive force, the laser further accelerates these electrons to rel-ativistic velocities. The resulting difference in drift velocity between electrons (close to
c) and ions (non-relativistic) leads to the formation of streaming instabilities, such as theBuneman instability [179]. These instabilities have a low phase velocity and resonatewith the ions, resulting in ion acceleration through the generation of a large longitudinalelectrostatic field that co-moves with the ions. A detailed one-dimensional simulationstudy conducted by Albright et al. [145] specifically investigated the relativistic version ofthe Buneman instability. As long as the laser continues to accelerate the electrons andmaintain their substantial longitudinal bulk velocity, the laser energy will be efficientlyconverted into ion kinetic energy through the action of these electrostatic fields. Track-ing individual particles in detailed 2D and 3D simulations allowed Stark et al. to analysethe contribution of different acceleration mechanisms throughout the full interactionwith the laser [154].
Experimental studies attributing their results to the BOA scheme have been primarilyconducted at the TRIDENT laser facility at the Los Alamos National Laboratory. In a pi-oneering study by Henig et al., they utilised a double plasma-mirror setup to achieveultra-high laser contrast and diamond-like carbon foil targets of a few tens of nanome-tres thickness. Their experimental results demonstrated the acceleration of ion beamswith significantly enhanced energies compared to TNSA [130]. Hegelich et al. extendedthese studies by employing circular polarisation and spatial pulse shaping [131], as wellas special nano targets [133] and observed spectral modulation of the accelerated ionbeams. Jung et al. conducted a series of experiments investigating ion acceleration in theBOA regime using circular polarised laser light. They observed the generation of carbonbeams with quasi-monoenergetic spectra [132, 134, 180] and the formation of ring-likestructures in the beam profiles [181]. By analysing both experimental and simulationdata, they were able to infer the scaling of ion energies in the BOA regime [182]. Furtherexperiments, using the TRIDENT laser and similar interaction conditions, also observedthese quasi-monoenergetic spectra for heavier ions (aluminium and titanium) [136, 140].However, these studies came to different conclusions about the cause of these features.Their numerical simulations showed the emergence of self-organising field structuresat the rear side of the target playing a crucial role in generating the observed featuresof the accelerated ion beam over picosecond-long acceleration time scales. An impor-tant factor influencing the spectral shape of the ion beam is the formation of a forward-propagating electron jet, which occurs after the onset of RIT. This phenomenon sharessimilarities with the hybrid RPA-TNSA acceleration scheme, which has also been reportedby other research groups for similar experimental conditions [135, 139].

Hybrid schemes

In the RIT regime, the plasma changes its density significantly during the interaction andcan therefore be subject to several acceleration mechanisms if the interaction duration(i.e. the laser pulse duration) is long enough. Using numerical simulations, it is now pos-sible to try to identify the ideal combination of known mechanisms and thus develop adynamic scenario where ions are subjected to multiple acceleration regimes. Zhuo et al.performed 2D simulations, where they observed that a dual-peaked electrostatic-fieldcan efficiently accelerate quasi-monoenergetic ion beams from a thin foil target using alinearly polarised laser pulses [149]. This occurs due to a perfect interplay of RPA at thetarget front and TNSA at the target rear. In a series of 2D simulations, Qiao et al. stud-ied how different mechanisms compete during the laser-plasma interaction and underwhich laser and target parameters one of them dominates the ion acceleration [155,
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183]. Mishra et al. performed simulations in 1D, 2D, and 3D and found that optimal ionacceleration is achieved when RIT sets in during the arrival of the peak of the laser pulse.This allows the remaining part of the laser to propagate through the target and efficientlyre-heat electrons, thereby enhancing the sheath field at the target rear [153].
A lot of experiments studying nanometre foil targets undergoing RIT has been carried outat the VULCAN laser at the Rutherford Appleton Laboratory in Oxford and at the PHELIXlaser at the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt. Both sys-tems provide linearly polarised laser pulses with pulse durations of several hundred’s offemtoseconds and 150 J – 250 J of pulse energy. Wagner et al. experimentally observedproton beams with two spatially separated components. They attributed the high- en-ergy component in the forward direction to the BOA mechanism, and the low-energycomponent in target normal direction to the TNSA regime [184]. A similar observationwasmade by Powell et al., reporting proton beams with a ring-like spatial intensity profilein the target normal direction and a narrow divergence high-energy component directedat an angle between the laser forward and target normal axes [135].Through 2D and 3D simulations, they inferred that after the onset of RIT, a jet of super-thermal electrons is formed at the rear side of the target. This plasma jet of hot electronsis confined and guided by a self-generated azimuthal magnetic field. The transmittedlaser pulse co-propagates with the jet and transfers additional energy to the electrons,which attain significantly higher velocities compared to the surrounding plasma. Subse-quently, the streaming of these high-energy electrons into the pre-expanded ion layersincreases the energy of the ions in the vicinity of the jet. According to their analysis, thiselectron jet leads to the energy enhancement and the deflection of the high energy com-ponent of the proton beam.
Further experiments tried to optimise the onset of RIT for different target parametersand therefore studied the influence of the target angle [137] and target thickness on thisscheme [152]. Another follow-up experiment by Higginson et al. revealed record protonenergies close to 100MeV which they attributed to the transparency enhanced TNSA-
RPA hybrid acceleration scheme [139].
At the initial stage of this specific interaction process, when the laser intensity is still rel-atively low, ion acceleration is primarily driven by TNSA, where a sheath field is formedat the target rear surface. As the process continues and the laser intensity increases,the radiation pressure becomes more dominant. This results in the deformation of thecritical density surface of the plasma and the induction of an electric field component.Consequently a dual-peaked, longitudinal, electrostatic field structure is formed, com-prising the sheath field at the rear and the radiation pressure generated field at thefront of the target. The onset of RIT and the subsequent heating of the plasma electronsby the portion of the laser pulse that propagates through the transparent foil leads toan increase in the magnitude of both electrostatic field components.
The dual-peaked field structure, along with the presence of the super-thermal electronjet, enables effective acceleration of protons and heavier ions from the target front, re-sulting in unprecedented ion energies. While simulations can provide optimal interactionparameters and detailed insights into the energy enhancement process [157], directlyaddressing and controlling this mechanism remains challenging. Another experimentaimed to reproduce these results but yielded a slightly different outcome with lowermaximum proton energies [141], highlighting the complexity of the detailed dynamics ofthe different acceleration stages.

2.3 Laser-driven ion acceleration mechanisms 31



Coulomb Explosion

Coulomb Explosion (CE) can be achieved by having very high laser intensities and suf-ficiently thin targets. Under such conditions, a significant amount of electrons can beexpelled from the target. The ion core remains unaffected by the laser, resulting ina positively charged ion cloud, that experiences a strong repulsion from the Coulombforce among the ions. This repulsion leads to an explosive expansion of the ion cloud.Several groups performed numerical simulations [185, 186] and developed analyticalmodels [187, 188] to study and describe the CE regime. Experiments have been car-ried out, using cluster targets [189, 190], ultrathin solid foils [191] and levitating micro-spheres [192].For thicker, multi-layer targets composed of a high-Z and low-Z layer, the RPA effect asdiscussed in subsection 2.3.2 must be considered. In this case, the high-intensity laserpulse not only expels electrons from the irradiated area but also accelerates the remain-ing high-Z ion core. The excess of positive charge results in a Coulomb repulsion, causingthe ion cloud to expand predominantly in the direction of the laser pulse propagation.This expanding ion cloud is accompanied by a strong longitudinal electric field thatmovesahead and accelerates protons from the second layer of the target. This modificationof the CE regime, referenced as Directed Coulomb Explosion (DCE), was described byFourkal et al. [193] and Bulanov et al. [194, 195]. A one-dimensional analytical model ofthis scenario for a thin multi-species foil was developed by Govras et al. [196–198].
Magnetic Vortex Acceleration

When an ultra-intense laser pulse is tightly focused onto a target with undercritical ornear-critical density, the Magnetic Vortex Acceleration (MVA) regime can be reached.As the laser propagates through the plasma, the ponderomotive force of the laser expelselectrons and thereby creates a channel with reduced electron and ion densities. Someelectrons within the channel get accelerated by the non-linear wake behind the laserpulse in the direction of the laser pulse propagation. As these electrons start to move,they form an electron filament along the laser axis, that generates a magnetic field con-fined within the self-generated channel, acting as a waveguide and containing the mag-netic field. Simultaneously, an ion filament is generated within the channel due to theexisiting field structure. As the laser pulse and themagnetic field exit the target, themag-netic field expands into the vacuum, forming a toroidal vortex shape in three dimensions.The magnetic field pressure causes displacement between the electron and ion compo-nents of the plasma. This displacement leads to the generation of a strong quasistaticelectric field, where ions can get accelerated from the filament into a collimated parti-cle beam. MVA was first studied by multi-dimensional particle-in-cell simulations [142,143, 147], providing valuable insights into the behavior described above and serving as afoundation for analytic modeling [199]. Recent advancement in computer technology al-lowed for very detailed three-dimensional simulations, studying the detailed interactioncharacteristics of MVA and the obtained particle beam parameters [200, 201]. Experi-mental investigations of MVA have been conducted with different target systems. Theseinclude, pre-expanded μm-thick solid foil targets [202, 203], special low density foamtargets [204, 205] and underdens gas targets [206–208]. The properties of the particlebeamobserved in these experiments were attributed toMVA on the basis of simulations.However, the experimental data is ambiguous and leaves room for different interpreta-tions of the dominant mechanism at play [209, 210].
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3 Methodology for high-power
laser experiments

Themain content of this thesis is to analyse the results obtained from several experimen-tal campaigns studying plasma-based ion acceleration using ultra-intense laser light. Inorder to gain a deeper understanding of the laser-plasma interaction processes and theacceleration dynamics, measuring and understanding experimentally accessible param-eters is crucial.This chapter aims to provide an understanding of how such experiments are set-up,conducted and what results and parameters can be measured. This will be enabled bygiving a brief description of the laser systems used, the general experimental setup andthe most important diagnostic methods and instruments.

3.1 High-power lasers

High-power lasers have revolutionised the field of science and technology, offering todayunprecedented capabilities for research as well as industrial and medical applications.These lasers can generate intense beams of coherent light with power levels reachinginto the petawatt (1 PW = 1015W) range, enabling them to access new research fron-tiers in laser-induced plasma physics such as laser fusion or particle acceleration. Thesection begins with an overview of the relevant techniques that have enabled substan-tial progress in achievable laser peak powers. The ion accelerations experiments in thisthesis were conducted at two different laser facilities: the DRACO-PW laser system at theHelmholtz-Zentrum Dresden-Rossendorf in Germany and the J-KAREN-P laser system atthe Kansai Photon Science Institute in Japan. Table 3.1 provides an overview of the laserparameters of these systems. Detailed descriptions of both facilities and their specificlaser parameters will be presented later in this section.

3.1.1 High-power laser techniques

Since the first demonstration of a laser by Theodore Maimann [211] in 1960, the max-imum achievable power and focussed intensity have increased steadily as a result ofcontinuous developments in laser technology, lasing materials and optics.
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Laser system comparison

Parameter DRACO-PW J-KAREN-P

Gain medium Ti:Sa OPCPATi:Sa
Number of CPA stages 2 2
Max. energy (amplified) 35 J 63 J
Max. energy (experiment) 22.5 J 10 J
Min. pulse duration 30 fs (FWHM) 25 fs (FWHM)
Pulse duration (experiment) 33 fs (FWHM) 45 fs (FWHM)
Central wavelength 810nm 800nm
Polarisation horizontal horizontal
Beam diameter (experiment) 200mm 250mm
OAP (oa-angle | f-number) 90∘ | f / 2.3 45∘ | f / 1.4
Focal spot size (experiment) 2.3μm 1.5μm
Peak intensity (experiment) 6.5×1021Wcm–2 3.5×1021Wcm–2

Table 3.1: Comparison of laser parameters from the DRACO-PW and the J-KAREN-Psystem. Both were used for the experiments presented in this thesis.

Q-switching and mode-locking

Soon after Maimanns pioneering work, free-running lasers were able to achieve pulsepowers of ≈ 103W and just two years later, the newly developed Q-switching tech-nology [212] enabled a leap into a new power range, reaching up to one million watts(1MW = 106W). By manipulating the loss of an optical system (defined as Q-factor)through passive or active means (e.g. by allowing light to escape the resonating cavity),the amount of stimulated emission isminimised during the pumping of the gainmedium.Subsequently, the system is switched to a high loss (i.e. a high Q-factor), triggering therapid release of the stored energy in a short pulse.Another two years later, the discovery ofmode locking [213, 214] further propelled laserpulse power capabilities forward, enabling the generation of gigawatt pulses (1GW =109W). The mode locking technique synchronises the phase of multiple longitudinalmodes within the laser cavity, resulting in constructive interference and the generationof short (usually between 10–12 s to 10–15 s) pulse trains. Mode locking can be achievedeither passively (e.g. by saturable absorbers or by nonlinear optical effects, such as theKerr effect) or actively (e.g. by implementing electro-/acousto-optic modulators or syn-chronous pumping). Passing laser pulses from a mode-locked oscillator through ad-ditional power amplifiers to boost the total output power is today an established andwidely used laser system architecture. Furthermore, mode locking enabled to reachnear-gain-bandwidth-limited pulses at high-repetition rates and tens of megawatt peakpower [215].Following the discovery of mode locking, laser technology experienced a slowdown asthe maximum power of the laser systems approached the upper limits of optical dam-age thresholds. To overcome this limit, the spatial beam diameter of the laser beam wasincreased. However, this strategy faced challenges related to the beam quality and cost-effectiveness due to larger optics required. Consequently, the amount of laser facilitieswas limited and the laser systems operated at an intensity of approximately 1016Wcm–2,delivering nanosecond pulses with kilojoule energy.
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Titanium doped sapphire crystals

Another important step for laser technology was the invention of titanium-doped sap-phire crystals (Ti:Sa or Ti3+Al2O3) in 1982 by Peter Moulton [216]. This material is char-acterised by its large gain bandwidth ranging from 650nm to 1100nm with a maximumintensity gain at ≃ 800nm. The absorption band (peak at 490nm) is also quite large,enabling a wide range of possible pump wavelengths. Ti:Sa is a 4-level-system, whereelectrons can relax not only by emitting photons but also via phonons and displacementof titanium ions, leading to a continuum of photon energies and a broad emission spec-tra. Furthermore, the high thermal conductivity of Ti:Sa facilitates intense pumping athigh repetition rates. Mode-locked Ti:Sa lasers are today the most popular and estab-lished type of laser used to generate ultrashort laser pulses.
Chirped pulse amplification

A major breakthrough in maximum attainable laser pulse powers was the developmentof the Chirped Pulse Amplification (CPA) technique. First introduced by Donna Strick-land and Gérard Mourou in 1985 [217] and Nobel Prize awarded in 2018, CPA revolu-tionised laser technology and enabled the generation of ultrashort, yet extremely high-energy laser pulses. This technique helped overcoming the main limitations of laser am-plification at that time, namely the damage to optics caused by nonlinear effects, such asself-focussing, in the amplifier medium. By inserting a dispersive element, e.g. a gratingpair, prisms or a fibre (as realised in [217]) before the actual amplification, the laser pulsewas stretched in time and thus the intensity reduced. The instantaneous frequency ofthe laser pulse becomes linearly time-variable due to the dispersive element, hence thepulse is chirped. After amplification to high energies at long pulse durations, the intro-duced chirp is compensated by a second set of dispersive optics, effectively reversingthe frequency shift in time. The CPA technique enables the use of small beam diame-ters throughout the entire laser system, except for the final compressor. Strickland andMourou’s work showcased the development of a compact, tabletop laser system capa-ble of producing picosecond pulses with nearly 100GW peak power. This power outputwas previously only attainable by large-aperture, national-laboratory-scale laser systems,characterised by their large sizes and high costs.In 1992, a new type of CPA has been proposed, known asOptical Parametric Chirped

Pulse Amplification (OPCPA) [218–220]. OPCPA offers a novel approach to amplifybroadband short-pulse lasers by using the nonlinear interaction between a signal pulseand a pump pulse in a nonlinear crystal. This process generates a new broadband signalthat can then be amplified through standard CPA techniques. OPCPA offers the ad-vantage of achieving high amplification efficiencies and significantly broader bandwidthsthan with a standard CPA systems, allowing for the amplification of even shorter andmore intense pulses.
High-power lasers worldwide

In the following decades, the CPA technology was implemented in numerous laser sys-tems across the globe, paving the way for applications in industry, medicine, and nationalsecurity but also leading to an increased number of high-power laser facilities for aca-demic research. The currently most up-to-date and complete overview of planned andoperating high-power laser facilitiesworldwidewas published in 2019byDanson et al. [24].For investigating fundamental high-energy density physics, such as relativistic laser-matter interactions and particle acceleration, several high-power laser facilities havebeen constructed primarily in North America, Asia and Europe (c.f. list below). The early
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progress in developing multi-TW lasers with ultrashort pulses predominantly relied onNd:glass amplifiers. However, the exceptional capabilities of Ti:Sa to amplify light acrossa wide spectrum and at high-repetition rates, quickly made it the preferred choice forhigh-power CPA lasers. This shift towards Ti:Sa-based lasers can be seen in Figure 3.1,which shows the laser parameters reported from laser-ion acceleration experimentsconducted between 2003, three years after the first high-energy proton beam was gen-erated at NOVA-PW [4], and 2023, the year of this thesis. The growth in the total numberand attainable peak power of Ti:Sa lasers underlines their importance in the field of laser-driven ion acceleration.

Figure 3.1: Reported on-target laser parameters from ion acceleration experiments in2003 (left) and 2023 (right). The dashed lines represent different laser peak powers,different markers indicate different gain materials.
List of high-power laser systems, performing experiments on laser-driven ion accelera-tion:

• North America:
– USA: BELLA-PW [221], HERCULES [222], Texas-PW [223], OMEGA-EP [224],ARC laser [225]
– Canada: ALLS [226]

• Asia:
– China: SG-II [227], SULF-1PW [228], SULF-10PW [229], XL-III [230], CLAPA [231],CAEP-PW [220], SILEX-II [232]
– Japan: J-KAREN-P [233]
– Korea: CoReLs [234]
– Russia: PEARL [235]
– Israel: HIGGINS [236]

• Europe:
– Germany: PHELIX [237], ARCTURUS [238], DRACO [239], PEnELOPE [240], PO-LARIS [241], JETi-200 [22], ATLAS3000 [242]
– UK: Vulcan [243], Astra-Gemini [244], SCAPA [245]
– France: LMJ [246], PETAL [247], UHI10 [248], LOA [249], LULI [250], APPOLON [251]
– Spain: VEGA-3 [252]
– Czech Republic: ELI-BEAMLINES [253]
– Hungary: ELI-ALPS [254]
– Romania: ELI-NP [255]
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3.1.2 Temporal contrast of high-power laser systems

High-power laser systems typically concentrate the majority of pulse energy within theshort duration of the main pulse. However, there is also a small but significant portionof pulse energy distributed over a wider time range around the peak. The ratio betweenthese different components is defined as temporal laser contrast. If these additionalcomponents are too intense (i.e. the temporal laser contrast is too low), there will besubstantial heating and pre-expansion of the target as discussed in section 2.2. Thispre-expansion has the potential to significantly influence the laser-plasma interactionupon arrival of the main pulse. In particular, ion acceleration from initially solid targetsis strongly compromised by this effect. The characterisation and optimisation of thetemporal contrast of a laser system is therefore crucial for performing high-quality ex-periments on laser-driven ion acceleration.
There are two types of temporal contrast: energy contrast and intensity contrast. Energycontrast represents the ratio of energy in the main pulse to the accumulated energy upto a certain time. The precise temporal sequence of energy deposition is irrelevant forthe energy contrast.Contrary to this, the intensity contrast Kint is a time-dependent parameter and definedas the ratio of the intensity maximum Imax to the intensity at a given time I (t):

Kint (t) = Imax
I (t) (3.1)

A schematic illustration of a typical temporal intensity distribution of a high-power laseris shown in Figure 3.2. The displayed temporal intensity profile highlights distinct re-
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Figure 3.2: Illustration of a typical temporal intensity distribution of a high-power lasersystem with ultrashort (tens of fs) pulse duration. Colour-shaded areas highlight char-acteristic regions that contribute to the temporal intensity contrast of the laser.
gions on different timescales, characteristic for Ti:Sa-based CPA laser systems. A detaileddescription of these regions, elucidating their origin and discussing possible mitigationstrategies, will be given in the following.
Amplified spontaneous emission

During the amplification process, the inverted gain medium produces Amplified Spon-

taneous Emission (ASE), resulting in a low-intensity plateau underneath the main pulse.
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Spontaneous emission is a parasitic process inversely proportional to the upper-statelifetime of the gain medium (e.g. Ti:Sa: ≈ 3.2μs at 300K [216]).The ASE process results in the emission of radiation in all directions. If this spontaneousemission propagates in the same direction as themain pulse, it undergoes further ampli-fication, resulting in the emission of radiation in all directions. This ASE plateau, typicallyspanning over several nanoseconds before and after the main pulse, is incoherent tothe main pulse and remains largely unaffected after passing through the final gratingcompressor.Combining Pockels Cells (PC’s) and polarisation filters (e.g. thin film polarisers) withinthe CPA stage, enables to subtract a substantial part of the ASE by rapidly switching thelaser pulse polarisation between the ASE component and the stretchedmain laser pulse.Another effective ASE mitigation strategy involves the implementation of two successiveCPA stages linked by a nonlinear temporal filter [256], e.g. saturable absorbers [257,258], nonlinear rotation of the polarization ellipse [259] or filtering by cross-polarised
wave (XPW) generation [260]. Additionally, the OPCPA technique also helps to achievevery low ASE levels due to the absence of population inversion and energy storage withinthe gain medium.
Individual pre- and post-pulses

Replicas of the main pulse can appear as individual coherent pre- and post-pulses oc-curring on both nanosecond and picosecond time scales.Pre- and post-pulses on the nanosecond time scale typically arise due to leakages inlaser cavities and are often associated with regenerative amplifiers. Effective control ofthese pre- and post-pulses can be achieved by using fast optical switches, such as PC’s,with precise timing.On the picosecond time scale, pre- and post-pulses are usually generated by opti-cal components with parallel surfaces (e.g. lenses, gain medium, Faraday isolators, win-dows). These components can cause multiple internal reflections of the main pulse,leading to the appearance of powerful post-pulses. In CPA systems, the stretched mainpulse can temporally overlap with these post-pulses, resulting in spectral interference.This modulated intensity distribution can introduce temporal phase changes due to theintensity dependence of the refractive index. After temporal compression, this causesthe generation of pulse replicas before and after the main pulse. This effect, also knownas B-integral coupling, has been described theoretically by Didenko et al. [261] andmea-sured experimentally by Schimpf et al. [262] and Kiriyama et al. [263].Eliminating these pre-pulses can be achieved by preventing the generation of post-pulses.This can be accomplished by reducing the number of transmissive optics in the lasersystem. In cases where using transmissive optics is unavoidable, their surfaces can becarefully designed (i.e. wedged), allowing reflected pulses to be spatially separated fromthe main pulse [263].
Coherent pre- and post-pulse pedestal

In addition to the continuous ASE and discrete pre- and post-pulses, another charac-teristic feature of the temporal contrast of high-power laser systems is a pedestal start-ing tens to hundreds of picoseconds before the main peak and extending to hundredsof picoseconds after. This pre- and post-pulse pedestal comprises coherent compo-nents of the stretched pulse that were not perfectly recompressed. The pedestal’s ori-gin is multifaceted and an area of active research. Previous studies identified that thepedestal arises from scattering at the grating surfaces in the stretcher and compressor
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stages [264], as well as from spectral clipping or phase distortions in the stretcher [265].Particularly, the surface quality (i.e. surface roughness) of the optics in the stretcher is im-portant, as imperfect surfaces lead to spectral phase shifts. Ranc et al. and Kiriyama et al.demonstrated that the convex mirror in an Oeffner stretcher can have an immense im-pact on the coherent pedestal [266, 267]. Lu et al. showed that changing the stretcherdesign from an Oeffner type to two concave mirrors reduces the intensity level of thepedestal significantly. This stretcher modification proved advantageous for ion accel-eration, enhancing performance from 7MeV to 16MeV [268]. Achieving a low coherentpedestal is essential not only on the pre-pulse but also on the post-pulse side, as demon-strated by Khodakovskiy et al., who studied how the pre-pulse pedestal is affected by thepost-pulse pedestal under the influence of self-phase modulation [269].

3.1.3 DRACO laser system

TheDRACO (DResden lAser aCceleration sOurce) laser system is located at theHelmholtz-

Zentrum Dresden-Rossendorf (HZDR) in the north-eastern part of Dresden. In 2008,the first version of DRACO - based on Amplitude’s PULSAR system - was installed andcommissionedwith a peak power of 150 TW. Over the years, the systemhas seen numer-ous modifications, all aimed to improve the beam quality and thus the experimental re-sults. Themost significant change took place between 2012 and 2015, when DRACOwasupgraded to a dual-beam system and the peak power increased to 1PW, with 750 TWconsistently achieved in routine operation.
DRACO’s system architecture is based on a double CPA design. Cleaning of the tempo-ral contrast is achieved by using XPW-filtering between the two CPA stages. Through-out all amplification stages Ti:Sa crystals (doping concentration between 0.15 – 0.25% )are utilised. These crystals are pumped by multiple neodymium doped yttrium alu-minium garnet (Nd3+:Y3Al5O12 = Nd:YAG) pump lasers, which are themselves invertedvia flash lamps. To pump the Ti:Sa crystals efficiently, the wavelength of the pump laseris frequency-doubled from 1032nm to 516nm.DRACO can deliver laser pulses into two different experimental areas, one dedicated toelectron acceleration and the other to ion acceleration.
Setup

A schematic of the DRACO laser architecture is shown in Figure 3.3. The DRACO pulsesource is the mode-locked Ti:Sa oscillator SynergyPro from Femtolasers (now belongingto Spectra-Physics), emitting nJ-class laser pulses with > 100nm bandwidth at a centralwavelength of 800nm and at a repetition rate of 78MHz. Before entering the first CPAstage (CPA1), the pulse energy is increased to the μJ-level by a high gain multipass bulkamplifier - labelled as Booster amplifier - and a fast PC selects a 10Hz pulse train as seedfor further amplification.
The laser pulses enter the all-reflective Oeffner stretcher [270] of the CPA1 stage, wherethey are stretched to≈ 500ps. AnAcousto-Optic ProgrammableDispersive Filter (AOPDF),
Dazzler from Fastlite (now belonging to Amplitude), is implemented behind the stretcherto control the spectral phase distribution for ideal pulse compression ormodification [271,272]. A piezoelectric transducer generates a polychromatic acoustic wave that is sentcollinear to the laser propagation direction into a birefringent crystal (e.g. TeO2). Insidethe crystal the acoustic wave overlaps with the optical wave of the laser, resulting in alocal variation of the refractive index. Consequently, each spectral component of the
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Figure 3.3: Schematic layout of the DRACO laser system including CPA1, CPA2 and thefinal amplification and pulse compression stages of the 1PW beamline.PC - Pockels cell, BD - beam dump, AOF - acousto-optical filter, DM - deformable mirror
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incident laser pulse experiences an individually phase matched acoustic grating, lead-ing to an individual diffraction. The exiting laser pulse consists of the diffracted spectralcomponents, now having an arbitrarily adjustable phase and amplitude profile.The first amplification stage of CPA1 is a 12-pass Regenerative Amplifier (RA) wherethe pulse energy is increased by a factor of 103 to the mJ-level. The resonator designdefines a clean TEM00 transversal laser mode, ensuring an excellent spatial beam pro-file for further propagation through the system. The spectral laser amplitude is con-trolled by an Acousto-Optic Programmable Gain Filter (AOPGF) - Mazzler from Fastlite- which is inside the resonator cavity of the RA [273]. Similar in functionality to the Daz-
zler, the AOPGF selectively diffracts undesired spectral components. Specifically, partsof the laser spectrum that experience a high gain during the amplification process areselectively reduced to pre-compensate for both the gain narrowing and the red-shift ofthe spectrum. Instead, the outer wings of the spectrum are increased to maintain the
≈ 55nm bandwidth.The laser pulses are then amplified to 25mJ in a 6-pass multipass amplifier before beingrecompressed in air. A standard two-grating compressor with ≈ 65% transmission effi-ciency is used to recompress the laser pulses to an Full Width at Half Maximum (FWHM)pulse duration of ≈ 30 fs, representing the end of CPA1. The intensity level of the inter-mediately recompressed laser pulses is sufficient for XPW generation (> 1012Wcm–2).XPW generation and subsequent filtering has become a widely used technique in high-power laser systems, due to its superior performance for contrast improvement andspectral broadening [274]. However, the practical performance is mostly restricted bythe extinction ratio of the polarisers. The compressed pulses at DRACO are focussedinto a CaF2 crystal, located in vacuum to prevent ionisation of air. Inside the crystal, onlythe most intense part of the laser pulse undergoes the nonlinear χ3 process, leading toa polarisation modification. The lower intensity parts of the laser remain relatively unaf-fected by the CaF2 crystal. Subsequently, the laser pulses propagate through polariserspositioned to effectively block the low-intensity portions.
The temporally cleaned pulses enter the second CPA stage (CPA2), which has a similardesign to CPA1. An all-reflective Oeffner stretcher increases the pulse duration to≥ 1ns,before a RA increases the pulse energy by a factor of 103 to ≈ 1mJ. The spectral am-plitude and phase are controlled analogous to CPA1 by an AOPGF (Mazzler - inside theresonator cavity of the RA) and an AOPDF (Dazzler - in front of the RA). Three consecu-tive multipass amplifier (referred to as 25mJ, 0.1 J and 1.5 J amplifier) increase the pulseenergy to EL ≈ 1.3 J. At this point, the laser pulses are split (50:50) into two individualseed beams for final amplification to different energy levels. One beam is sent towardsthe 6 J cryostat amplifier, serving as final amplification stage for the 150 TW section of theDRACO laser system. The other part seeds the PW section of the system, incorporatinga 2.5 J and 40 J amplifier. Both amplification sections can be operated individually as wellas simultaneously with inherent synchronisation up to the splitting point. Pulse pickingPC’s behind the splitter enable different operationmodes of the main amplifiers, rangingfrom single-shot up to the maximum repetition rate of 10Hz at 150 TW or 1Hz at the PWsection. To handle the heat load inside the gain material and to reduce thermal lensingas well as transverse lasing effects, liquid (1.5 J, 2.5 J and 40 J amplifier) or cryogenic cool-ing (6 J amplifier) is applied to the Ti:Sa crystals.
Finally, the laser pulse is recompressed in vacuum using a two grating compressor to anFWHM pulse duration of ≈ 30 fs. A deformable mirror behind the compressor gratingscan compensate wavefront distortions of the laser beam and thus ensures excellentfocus quality at the experimental area (further details below).

3.1 High-power lasers 41



Spatial intensity distribution

The laser wavefront can suffer aberrations caused by air inhomogeneities and imper-fections in optical components during propagation through the system, the pulse com-pressor and the transport beamline towards the experimental area. These aberrationsdegrade the quality and spatial properties of the laser beam. To achieve highest peakintensities in the focussed beam, a wavefront sensor and aDeformableMirror (DM) canbe used to compensate for such effects [275].
At DRACO-PW a high resolution wavefront sensor SID4 from Phasics measures the spa-tial aberrations of the laser behind the focussing Off-Axis Parabola (OAP) at the experi-mental chamber. The quadriwave lateral shearing interferometry technique [276] is usedto sample the phase of the laser beam. Two different measurement options are avail-able: A measurement directly behind the focussing OAP inside the vacuum chamber orimaging of the laser beam towards a diagnostic port outside the vacuum chamber.Analysis of themeasurement allows thewavefront of the beam to bedescribed by Zernikepolynomials [277]. The coefficients of these polynomials correspond to different typesof aberrations in geometrical optics and help to identify the origin of the measured dis-tortion. The analysis software compares the measurement result to a flat spatial phase,resulting in an error signal. This error signal is then forwarded to the DM (ILAO fromISP systems), positioned between the vacuum compressor and the experimental cham-ber. Equipped with 53 piezo actuators, the surface of the DM can be precisely adjustedto correct and reshape the wavefront of the laser beam. Therefore, the error signal isconverted into specific voltages for the individual actuators. This closed-loop system en-sures efficient and real-time wavefront correction, leading to a substantial improvementin beam quality for experiments.Figure 3.4 shows the focus of the attenuated DRACO-PW laser behind the f / 2.3 OAP(off-axis angle: 90∘) with applied wavefront optimisation. The focus in the target chamberwas imaged onto a camera outside the chamber. The peak intensity of 6.58×1021Wcm–2

Figure 3.4: Focal spot measurement of attenuated DRACO-PW laser behind the f / 2.3off-axis parabola with logarithmic colour scale representing calculated abolute inten-sities (left). The normalised horizontal (middle) and vertical (right) lineouts through thefocal spot centre show excellent agreement to a Gaussian fit with an FWHM width of2.57μm.
was calculated from the measured FWHM pulse duration of ≈ 30 fs and maximum on-target laser energy of EL ≈ 22.5 J. The 1 / e2 width and 1 / e4 width was calculated froman effective area, yielding an average intensity inside this effective area. The results ofthis focal spot analysis are summarised in Table 3.2.
Temporal intensity distribution

Figure 3.5 shows a representative temporal intensity distribution of theDRACO laser. The
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DRACO-PW focal spot analysis

parameter valuein µm energy ratio inparameter area average intensity inparameter area
FWHM width 2.57 33.8% 4.80 × 1021Wcm–2
1 / e2 width 4.36 57.9% 2.86 × 1021Wcm–2
1 / e4 width 9.52 81.8% 0.84 × 1021Wcm–2

Table 3.2: Focal spot analysis for DRACO-PW. The energy ratio and the average inten-sity were calculated for a circular area, defined by the respective parameter.
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Figure 3.5: Temporal intensity contrast of the DRACO-PW laser, measured with ascanning third-order auto-correlator (SeqouiaHD) at the experimental area. The scanranges from –2500ps to 500ps. Pre-pulses between –500ps and –100ps remain be-low an intensity level of 10–9. The inset provides a detailed look at the rise of the co-herent pedestal at ≈ –100ps.

3.1 High-power lasers 43



measurement was conducted using a scanning Third-Order AutoCorrelator (TOAC) atthe experimental area and a half inch beam, which was picked off from the collimated,amplified (EL = 1.5 J, i.e. unpumped main amplifiers) and recompressed (using the vac-uum compressor) laser beam. The typical characteristics of a CPA laser system as dis-cussed in subsection 3.1.2 are visible. The ASE influence on the nanosecond range wasminimised by employing a series of fast PC’s with optimised timing structure andminimaltiming jitter. This results in an intensity contrast ratio better than 10–12 up to –100psprior to the main pulse. The few visible pre-pulses between –500ps and –100ps re-main below a level of 10–9. They were identified to origin from post-pulses generatedby internal reflections in remaining planar transmission optics (e.g. amplifier crystals,PC’s, windows) in the laser chain. During the amplification process of the laser pulse,these post-pulses are converted into real pre-pulses by self-phase modulation associ-ated with the accumulated B-integral [261–263]. For further optimisation, all remainingpost-pulses should be ideally eliminated (e.g. by changing to wedged optics). The inset inFigure 3.5 shows the rise of the coherent pedestal at –75ps which persists at 10–8 until–10ps. Optimising the intensity level of this part is difficult and requires either stretcherand compressor optics of higher surface quality [278], a changed stretcher design [268]or contrast cleaning techniques (e.g. plasma mirrors c.f. section 4.3).

3.1.4 J-KAREN-P laser system

TheKansai Photon Science Institute (KPSI), a part of Japan’sNational Institute forQuan-
tum and Radiological Science and Technology (QST), houses and operates the Japan-
Kansai Advanced Relativistic ENgineering-Petawatt (J-KAREN-P) laser system and sev-eral experimental areas. The institute is located in the southern part of the Kyoto pre-fecture in Japan.
In 2003, the predecessor version (J-KAREN), was commissioned and the first Ti:Sa basedlaser system to reach nearly one petawatt (0.85 PW) peak power with a pulse duration of
≈ 33 fs [279]. Over the years, the system has been continuously improved, particularlyfocussing on enhancing the temporal contrast [233, 258, 263, 280, 281]. These devel-opments resulted in different operational modes at high or moderate contrast, eachoffering a certain level of maximum laser energy. The capabilities of the J-KAREN-P sys-tem have been demonstrated by individually generating laser pulses with energies of upto 63 J before compression and pulse durations of 28 fs [282]. During routine operationat high-contrast settings, J-KAREN-P delivers laser pulses with ≈ 10 J within ≈ 45 fs at arepetition rate of 0.1Hz on target.
Setup

A schematic overview of the J-KAREN-P laser system is illustrated in Figure 3.6. The sys-tem comprises two CPA stages, each equipped with an AOPDF to actively control thespectral phase and fast PC’s for contrast enhancement as well as a saturable absorberbetween the two CPA stages.The first CPA stage (FEMTOPOWER compact PRO from Spectra-Physics) is a compactcombination of an ultrafast mode-locked Ti:Sa oscillator, stretcher, multipass amplifierand AOPDF, as well as a grating compressor for dispersion correction. The output ofthis first stage are high-contrast laser pulses at the sub-mJ level with a pulse durationof 25 fs and excellent pulse-to-pulse stability. The pulses pass through a saturable ab-sorber (colour glass filter) [257, 258], acting as a nonlinear temporal filter and improvingthe temporal contrast. This makes them making them an almost ideal seed for the sec-
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Figure 3.6: Schematic layout of the J-KAREN-P laser system and the experimental area.Laser pulses from an fs-oscillator enter the first CPA stage, where the pulse energy is in-creased to the sub-mJ level. The laser pulses are then transmitted through a saturableabsorber, acting as a nonlinear filter to increase the temporal pulse contrast, beforethe laser pulses enter the second CPA stage. Several OPCPA stages and multipass am-plifiers increase the pulse energy to tens of joules. A deformable mirror compensatesspatial phase distortions of the laser beam, ensuring that a flat wavefront is sent to thefinal compressor. The recompressed laser beam can be directed towards two differ-ent experimental chambers.

ond CPA stage.In the second CPA stage an aberration-free, all-reflective Oeffner stretcher [270] in-creases the pulse duration to > 1ns before the laser pulses propagate through anotherAOPDF. Afterwards, the laser pulses enter three consecutive OPCPA [218–220] stages,each consisting of a Type 1 β-Barium Borate (BBO) crystal as amplification medium. Thespectral gain profile of each OPCPA stage can be tailored by adjusting the temporal in-tensity profile of the pump laser, thereby allowing to pre-compensate gain narrowingat downstream amplification stages. However, fluctuations in the pump laser also influ-ence the stability of the spectral intensity profile of the amplified laser pulse, presentinga significant challenge of the OPCPA technique. On the other hand, OPCPA providessubstantial advantages, including higher peak power and enhanced temporal contrast.The laser pulses from the OPCPA stage are directed to several multipass amplifiers, in-creasing the laser energy from several millijoules to several tens of joules after the lastamplifier. Cryogenic cooling of the “Power Amplifier” facilitates laser operation up to arepetition rate of 10Hz. The last two amplification stages, labelled “Booster-Amplifiers -1” and “Booster-Amplifier - 2”, employ commercially available frequency-doubedNd:glasslasers to pump the Ti:Sa crystals (diameter 80mm and 120mm, respectively).A deformable mirror (ILAO STAR B95-52 from Imagine Optics) compensates the spatialphase distortions measured by a Shack-Hartmann wavefront sensor (HASO3-32 fromImagine Optics) after “Booster-Amplifier - 2” to ensure that laser pulses enter the vac-uum compressor with a flat wavefront. From the laser area, the beam is guided towardsthe radiation controlled experimental area, enclosed by 1m thick concrete walls to shieldionising radiation. The experimental area comprises the vacuum compressor, a plasmamirror chamber for temporal contrast improvement and two experimental chambers.The amplified laser pulses are recompressed to an FWHM pulse duration ≤ 30 fs, us-ing four gold-coated holographic gratings (1480 groovesmm–1, size: 565 × 360mm2).Finally, the laser beam is distributed towards the different experimental chambers.
Spatial and temporal intensity distribution

For achieving best spatial contrast, a deformable mirror corrects the wavefront of thecollimated beam before the compressor (as detailed above). Subsequently, the beam
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is directed through a low-distortion beamline towards the experimental area. After fo-cussing by an f / 1.4 OAP (off-axis angle: 45∘), a nearly diffraction limited FWHM spot sizeof 1.5μm can be achieved [283], yielding a peak intensity of (3.5 ± 0.5) × 1021Wcm–2.A representative temporal intensity distribution of the J-KAREN-P laser is shown in Fig-ure 3.7. Contrast measurements at the experimental area were performed by picking off
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Figure 3.7: Temporal intensity contrast of the J-KAREN-P laser, measured with a scan-ning third-order autocorrelator (Seqouia) at the experimental area. No significant pre-or post-pulses can be detected over the entire scan range from –500ps to 160ps. Theinset provides a detailed view on the coherent pedestal.
a half inch beam from the collimated, recompressed and attenuated laser beam. Up to–100ps before themain pulse, the ASE level is≈ 10–11 (detection limit of TOAC) or better.Throughout the entire scan range (–500ps to 160ps), no notable pre- or post-pulses aredetected (achieved by introducing a small wedge to the post-pulse generating Ti:sapphirecrystals and windows). The intensity level of the coherent pre-pulse pedestal increasesfrom ≈ 10–10 at –100ps to ≈ 10–7 at –10ps. Improving the quality of the convex mirrorin the stretcher enhanced the contrast level of this pedestal, showing a reduction of oneto two orders of magnitude within the –33ps to –7ps time window [267].

3.2 Experimental Area

This section provides an overviewof the experimental infrastructure and the target cham-ber configuration at HZDR and KPSI, where the experiments of this thesis were con-ducted. Figure 3.8 shows the experimental area at HZDR to give an impression of therange of technical equipment required to perform and diagnose experiments on plasmaacceleration with high-power lasers.

3.2.1 Short-f chamber at HZDR

The experimental area at HDZR is equippedwith two different target chambers, designedfor experimental studies on laser-driven ion acceleration. While in the smaller target
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Figure 3.8: Photograph of the experimental area at HZDR and the big target chamber,dedicated for high-intensity interaction studies.

chamber the 150 TW laser beam can be used only, the bigger chamber provides the op-tion to use both laser beams, DRACO-150 TW and DRACO-PW, for experiments. In thisthesis, only the big chamber was used during all experiments at HZDR.The shape of the big target chamber is a combination of a large rectangle and an addi-tional semi-hexagonal structure. A schematic can be seen in Figure 3.9. The compressedDRACO-PW laser beam enters the rectangular part of the target chamber on an upperlevel. On demand plasma-mirror cleaning can be applied at this level by moving turningmirrors into the beam path of the incoming laser. Subsequently, a 90∘ turning mirrordirects the laser beam towards the OAP. The OAP features a dielectric coating, a 90∘

off-axis angle and a focal length of ≈ 400mm, yielding a nominal f-number of f / 2.3 fora clear aperture of ≈ 175mm. The focal point of the OAP represents the centre of thesemi-hexagonal structure of the target chamber, providing versatile options for position-ing various diagnostics.

Figure 3.9: Short-f target chamber at HZDR: Left: Sketch of the target chamber at HZDRand the corresponding laser beam path. Right: Photograph of the target chamber atHZDR. The laser beam path is illustrated in red.
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3.2.2 Short-f chamber at KPSI

A schematic of the short-f target chamber at KPSI can be seen in Figure 3.10. The target

Figure 3.10: Short-f target chamber at KPSI: Left: Sketch of the target chamber at KPSIand the corresponding laser beam path. Right: Photograph of the target chamber atKPSI. The laser beam path is illustrated in red.
chamber has a semi-hexagonal shape, allowing for several ports directed to the centreof the chamber. The p-polarised laser beam, 250mm in diameter, enters the chamberfrom the side and is directed towards the OAP by a gold-coated 45∘ turning mirror. Thegold coated OAP has an off-axis angle of 45∘ and a focal length of f = 350mm, resultingin a nominal f-number of f / 1.4.

3.3 Targets

Ion acceleration experiments require not only stable and well-characterised laser pulses,but also high-quality targets that effectively interact with the laser. The morphology ofa target plays a vital role in the absorption of laser energy, thus influencing the perfor-mance of laser-driven ion acceleration. A wide range of targets with different geometricalshapes (e.g. thin foils, cones, spheres, rods), structures (e.g. foam-like, micro-structured,multi-layer, pillars, nano-tubes, coils), materials (e.g. metals, dielectrics) and states ofaggregation (solid, liquid, gas) have been proposed and utilised by different groups. Allthese approaches try to optimise the ion acceleration process by influencing the ab-sorption of laser energy, the pre-plasma formation, the electron transport and the ionemission characteristic. A comprehensive overview of experimental results, using differ-ent types of foil targets was prepared by Măgureanu et al. [284].
The ion acceleration experiments in this thesis employed different types of solid-statematerials as target systems. Primarily, self-produced Formvar plastic foils (C5H8O2, den-sity: ρ = 1.25 g cm–3, electron density: ne = 230nc (800nm)when fully ionised) were used.These plastic targets can be produced in a wide range of thicknesses, spanning from afew nanometre up to several hundreds of nanometres.The production process involves dissolving synthetic resin/polymer (e.g. Formvar orpolystyrene) in a suitable solvent (e.g. chloroform). A clean glass substrate is then dippedinto the solution, resulting in the formation of a thin film of plastic on the surface of thesubstrate. After the thin film has dried, the edges of the slide are scored and the slide isslowly immersed in a water bath. This causes the film to detach from the glass surfaceand float in the water. Finally, the floating film is fished off and dried to yield the finishedtarget. Alternative fabrication techniques for foil targets of a few nanometre thickness
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involve ion sputtering [285], spin-coating or a method, where the dissolved plastic is di-rectly dropped on a water surface and then collected by a substrate [286].The foils were mounted between two ceramic (MACOR) or metal (stainless steel) holdersin a sandwiched configuration. Figure 3.11 shows the target holder and an individualFormvar target. The target holder is made of PEEK (plastic) and holds nine target tiles

Figure 3.11: Left: Image of the target holder with nine target tiles, each containing 70individual targets. The red dashed line marks a single tile and the red solid line anindividual target. Right: Microscopy image of an individual Formvar target of 270nmthickness. The reflection of background light causes the transparent target to appearorange.
with 70 holes (width: 3mm, height: 1mm) on each tile. Ideally, this gives a total numberof 630 targets which can be utilised before the interaction chamber needs to be vented.This provides a sufficient number of targets to conduct systematic studies with differenttarget thicknesses or materials.

3.4 Optical diagnostic

In laser-driven ion acceleration experiments, optical diagnostics are essential tomeasurethe laser pulse parameters, such as the temporal or spatial intensity profile, but also todetect and analyse how the interaction with the plasma affects the optical properties ofthe laser. The results allow to study the interaction dynamics, such as the formation ofplasma structures, the generation of electromagnetic radiation or a change of opacity asthe laser propagates through the plasma.

3.4.1 Transmitted and reflected laser light

An experimental key diagnostic for investigating laser-driven ion acceleration from ultra-thin solid-state targets is the measurement of the transmitted and reflected laser lightproperties. This becomes particularly important when an initially opaque plasma un-dergoes relativistically induced transparency during the laser-target interaction, as dis-cussed in subsection 2.1.3. These measurements allow to detect the onset and progres-sion of target transparency, which is an important regime for enhancing ion acceleration(c.f. subsubsection 2.3.3). Furthermore, the spectral phase and the spectral intensity ofthe transmitted and reflected laser light, provide a deeper insight into the interactiondynamics between the laser and the plasma.
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Beam profile and intensity

Typically a scatter screen is employed to diffuse light over a larger area, facilitating mea-surements of the light properties. The screen usually consists of a thin material, suchas a ground glass substrate or a diffusing material like Polytetrauoroethylene (PTFE)which homogeneously scatters off light. It is important to position the screen perpen-dicular to the light beam to achieve accurate measurements. The distance between theinteraction point and the screen must be carefully chosen to control the beam size onthe screen and thus the intensity. If the intensity is too high, ionisation and ablationof the screen material will occur, affecting the measurements or, in the worst case, de-stroying the screen. The scatter screen is imaged onto a Complementary Metal-Oxide-

Semiconductor (CMOS) or a similar imaging sensor. Equipping the imaging system withfilters, such as bandpass filters or a coloured glass, enables to selectively isolate desiredwavelengths or harmonic components of the transmitted and reflected light. Addition-ally, the use of suitable neutral density filters allows for the suppression of stray light andfacilitates unsaturated measurements. After performing a calibration of the screen, theabsolute intensity of the reflected and transmitted light can be determined.At DRACO-PW the transmitted laser and reflected laser light was scattered off a PTFEscreen placed ≈ 33 cm and ≈ 85 cm away from the target, respectively. The screenswere imaged onto CMOS cameras (acA1300 from Basler), equipped with bandpass fil-ters (800nm ± 25nm).
Similarly, the experiments at J-KAREN-P used ground glass screens, placed ≈ 50 cmaway from the target, that were imaged onto bandpass filtered (800nm ± 25nm) cam-eras.

Spectral intensity distribution

Two symmetrical Czerny-Turner [287] spectrometers (AVASPEC-ULS2048CL-EVO fromAvantes) with a 300 lmm–1 grating were used to measure the spectrum of the reflectedand transmitted light. Themeasurements coveredwavelengths from200nm to 1100nm.The intensity calibrated CMOS detector and the 16bit analogue to digital converter en-able a dynamic range of more than 103. Figure 3.12 shows the realised detector setupat the experimental area. The reflected light signal is collected by a spherical mirror(f = 200mm) and imaged onto a fibre. Similarly, the transmitted light is collected bya plano-convex lens (f = 75mm) and focussed onto another fibre. The fibres, bothequipped with a cosine corrector to ensure accurate light collection angles, transportthe collected reflected and transmitted light signal to the respective spectrometer foranalysis.

3.4.2 Spectral phase measurements

The spectral phase of a laser pulse refers to the variation of its spectral components.Measurement and control of the spectral phase are crucial as this parameter directlyaffects the temporal intensity distribution of the laser pulse.Spectral phase measurements rely on the principle that the spectral and temporal prop-erties of a laser pulse are linked through the Fourier transform relationship. The spectralphase of the laser pulse can be retrieved by analysing the spectral interference pat-tern, which is typically obtained through nonlinear processes or interferometric setups.For the experiments presented in this thesis, two measurement techniques were used,which are explained below.
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Figure 3.12: Photograph of the experimental setup for the spectral measurements ofthe transmitted (left) and reflected light (right).

Fourier-transform spectral interferometry

Fourier Transform Spectral Interferometry (FTSI) is a measurement technique used tocharacterise the electric field of an ultrashort laser pulse [288]. The method utilises theprinciples of interferometry and Fourier analysis to gain insights into the spectral andtemporal properties of the laser pulse and to accurately reconstruct its temporal profile.
In a standard FTSI setup, the laser pulse of interest is combined with a reference pulseof known phase. The resulting interference pattern then contains information about thespectral phase of the pulse. A Fourier transformation of the interferogram converts thespectral phase difference between the pulses into a temporal phase. This enables thereconstruction of the temporal intensity profile of the laser pulse. In this thesis, twodifferent implementations of the FTSI technique were used.One method involves the widely recognised WIZZLER device from Fastlite, where thereference pulse is self-created by XPW generation from a pulse replica [289]. This tech-nique is therefore also referred to as Self-Referenced Spectral Interferometry (SRSI).The other technique is a conceptual refinement of the SRSI method, labelled Self-

Referenced Spectral Interferometrywith Extended TimeExcursion (SRSI-ETE), enablinga higher dynamic range, a higher temporal resolution and a larger temporal window byintroducing a small angle between the pulse of interest and the reference pulse [290]. Inthe framework of this thesis, two identical SRSI-ETE apparatus were developed and setup, consisting of an imaging interferometer, a two-dimensional optical spectrometer andreadout electronics. One device is dedicated to experiments at DRACO-PW laser system,while the other one was shipped to Japan for the experiments at J-KAREN-P laser system.
SPIDER-technique

Spectral Phase Interferometry for Direct Electric-field Reconstruction (SPIDER) is ameasurement technique that was introduced in 1998 [291] as a nonlinear variant ofspectral interferometry. The SPIDER setup generates spectral interference by combin-ing the pulse with its frequency-shifted replica, facilitated through upconversion within anonlinear crystal. Analysing the modulation pattern enables to reconstruct the temporalpulse profile in the sub-ps range. This method has become a standard technique formeasuring the spectral phase of ultrashort laser pulses. The experiments in this thesisemployed the commercially available FC SPIDER from APE.
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3.5 Particle diagnostic

This section introduces the different particle detectors used in the experiments of thisthesis. These detectors capture and analyse the properties of the accelerated ion beam,offering valuable insights into the dynamics and characteristics of the laser-plasma in-teraction. Understanding the capabilities and limitations of the detectors is thereforeessential for interpreting the experimental results.The key characteristics of plasma-accelerated ions, including their short bunch length,high currents, angular divergence, and large energy spread were discussed in chapter 2.These characteristics outline the requirements for an ideal diagnostic system, whichshould enable fast acquisition, high dynamic range, high sensitivity, high energy reso-lution, and angular-resolved characterisation capabilities.

3.5.1 Thomson parabola spectrometer

The Thomson Parabola Spectrometer (TPS) is one of themost commonly used diagnos-tic tools for charged particle beams in laser-plasma acceleration experiments. It allowsdiscrimination of different ion species and measurement of their energy spectra withina small solid angle. The first version of this detector was build in 1911 by J. J. Thom-son [292], and the conceptual design has not changed since.
A TPS consists of parallel electric and magnetic fields, both oriented perpendicular tothe propagation direction of the ion beam, and a detector. The particle beam enters thefield zone through a small pinhole at the entrance of the TPS. Inside the field zone, theLorentz force (c.f. Equation 2.34) acts on the particles of charge q. Depending on thecharge to mass ratio (q /m ) and the velocity of the particles, the Lorentz force resultsin a parabolic trace for each particle which can be captured by a detector. The electricfield results in a q /m dependent component to the Lorentz force, differentiating differ-ent ion species. The magnetic field exerts a force on the particles that is proportional totheir velocity. In combination with a calibrated detector system, this diagnostic enablesprecise measurements of the ion energy distribution (e.g. [293] and many others).
Multiple TPS with nearly identical setups were used during the experiments presented inthis thesis. An aperture pinhole placed at the entrance of the TPS ensured that an almostcollimated particle beam entered the TPS. The pinhole diameter determined the angularacceptance angle of the TPS, affecting the particle flux and energy resolution. Ion speciesseparation was enabled by an electric field generated between two electrode plates witha high potential difference. A permanent dipolemagnet, placed inside a yoke tominimiseedge effects, generates a magnetic field with a strength of approximately 930mT over alength of 200mm.The detector system at DRACO-PW consisted of a high resolution camera and a Mi-

crochannel Plate (MCP), which is basically a photomultiplier tube. The MCP’s centralcomponent is a 1mm-thick Pb glass platewith numerous channels (inner diameter 20μm)arranged in a honeycomb-like shape. The upper and lower sides of the glass plate arecoated with a metal, typically an NiCr alloy. A voltage of tens of kV is commonly appliedbetween the upper and lower sides of the glass plate. When ions collide with the chan-nel wall, electrons are released. These electrons are then accelerated along the channeldue to the applied voltage, leading to successive collisions with the channel’s wall. Thissequential cascade accelerates numerous electrons, which ultimately exit the MCP andhit a phosphor screen. This interaction generates a visible glow that is detected by ahigh resolution camera (scA1400-17fm from Basler), enabling an online read-out. The
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MCP response up to 60MeV was cross-calibrated to simultaneous measurements witha scintillator screen, which was absolutely calibrated with protons from a conventionalaccelerator.Dose-sensitive Imaging Plates (IP’s)were utilised as passive detectors for the TPSmea-surements at J-KAREN-P. IP’s are widely used in the medical field, particularly in radiogra-phy but also for detecting electrons, ions and x-rays in laser-plasma interaction studies.The active layer within the IP contains chemical components that emit photoluminescentlight when stimulated by energetic radiation or energy deposition resulting from particleimpacts. Scanning and analysing IP’s after irradiation enables to reconstruct the parti-cle spectrum with remarkable spatial resolution and a wide dynamic range. To preciselydetermine the absolute number of particles interacting with the IP, calibration with therespective particle species is essential [294–297].
3.5.2 Time of flight measurements

Time-Of-Flight (TOF) measurements are an established and widely used technique fordetermining the energy of particles bymeasuring the time it takes them to travel a knowndistance. By accurately measuring this travel or flight time, the energy of the particle canbe calculated when the particle mass is known. This technique was introduced as anadvancement in mass spectrometry by Stephens in 1946 [298] and first realised as “Ion
Velocitron” by Cameron and Eggers in 1947 [299] to retrieve the particle masses of theconstituents of an ion beam when their energy values are known.
Using Equation 3.2 the energy of an ion Eion withmassmion can be calculated for a knowndistance between ion source and detector dTOF from the measured flight time tTOF to thedetector:

Eion = ( γ – 1 ) mion c
2 = ⎛⎝(︃1 – d2TOF

c2 t2TOF

)︃–1/2
– 1
⎞⎠ mion c

2 (3.2)
A TOF setup usually comprises three main components: the ion source, a field-free driftregion, where ions get separated according to their mass and energy, and a detectorcapturing the ions for further analysis. A photograph of the realised setup at HZDR canbe seen in Figure 3.13. The total distance between the target (ion source) and the de-

Figure 3.13: Photograph of the time-of-flight diagnostic setup at the experimental areaat HZDR. Ions that are accelerated during laser-plasma interaction in the target cham-ber propagate along the field-free drift tube and are detected by a photodiode.
tector was ≈ 4m. The angle between the laser propagation direction and the detectorwas measured to be 31.5∘. A high sensitivity avalanche PhotoDiode (PD) (APD210 fromMenloSystems) with a silicon detector of 0.5mm2 diameter and a rise time of 500ps wasemployed, allowing for precise time-resolved measurements. When a particle depositsits energy in the active area of the PD, a photocurrent is generated by electron-holepairs. A fast oscilloscope (MSO64 from Tektronix) enabled accurate measurements ofthis current on a long time scale due to its large bandwidth (6GHz) and memory capac-ity (25MSa). During the laser-plasma interaction strong ElectroMagnetic Pulses (EMP)
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are generated, interfering with the TOF signal and degrading the measurement quality.To mitigate this EMP influence, a special aluminium foil shielded the PD and an EMP-protected high-frequency cable was used to transport the signal to the oscilloscope. TOFsetups usually employ filter materials in front of the diode to prevent other ion speciesfrom contributing to the detected signal. For the experiments in this thesis, a 2mmcopper plate in front of the diode blocked protons with less than 34MeV and other ionspecies (e.g. 64MeVu–1 carbon and 75MeVu–1 oxygen ions). An iterative deconvolutionmethod is used to convert themeasured raw signal into a proton energy spectrum [300].An exemplary TOFmeasurement and the corresponding spectra is shown in Figure 3.14.The compact design of the TOF setup, coupled with an online readout capability, makes it
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Figure 3.14: Exemplary time-of-flight measurement. Left: Raw signal of the photodi-ode. The first peak at ≈ 1ns originates from fast electrons. The signal between 18nsand 35ns is caused by protons, arriving at different times due to different kinetic en-ergies. Right: Reconstruction of the proton energy spectrum from the raw signal.
ideal for detecting ion beams of small diameter and low particle numbers. This approachhas been extensively employed in characterising laser-accelerated ion beams [300–304].
3.5.3 Spatial proton beam profiler

TPS and TOF detectors offer the capability to characterise the particle beam within a re-stricted acceptance angle with high energy resolution. However, these methods do notallow to access the spatial distribution. Stacking materials that respond to the particlebeam, such as CR39 or radiochromic films (details below), has demonstrated excellentspatial and energy resolution but is not suitable for high-repetition-rate experiments. Toovercome this limitation, a novel detector for spatially-resolved proton beam measure-ments with online readout capabilities was developed and implemented for the experi-ments presented in this thesis.
The main concept of this proton beam profiler involves using a thin plastic scintillatorand absorber material of different thickness, a widely adopted approach in the field oflaser-plasma interaction [305–308]. A calibrated scintillator (DRZ High from MCI Op-tonix) screen (size: 100mm × 150mm, thickness: 500μm) was positioned at a distanceof 87mm from the target. Upon interaction with protons, the scintillator converts theparticle beam into an optical signal by emitting photons at the fluorescence wavelengthof 546nm [309]. The DRZ High scintillator offers good spatial resolution, high light yieldsand a decay time of less than 1ms, enabling operations at high repetition rates andlow particle fluxes. The emitted luminescence light was captured by a bandpass filtered(540nm ± 2nm) camera. Aluminium absorbers of distinct thickness (8mm, 25mm and38mm) ensured that only particles with sufficient energy to penetrate the specific ab-sorber would deposit their energy in the scintillator. This modification enabled protonsof specific energy levels to be spatially distinguished. A slit in the central horizontal plane
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of the profiler allowed for the parallel operation of the TPS and TOF detectors. Figure 3.15shows the proton beam profiler and the different absorber configurations used duringthe experiments.

Figure 3.15: Photograph of the proton beam profiler (left: absorber-side, middle:detector-side). Absorbers of different thickness prevent ions below a certain thresholdenergy to reach the scintillator. Right: Sketch of the proton beam profiler, including thedimensions and the different threshold energies, as seen from the detector-side.

3.5.4 Radiochromic films

RadioChromic Films (RCFs) are polyester films, equipped with a self-developing activelayer that reacts to ionising radiation. Upon impact of such radiation, the depositedenergy causes polymerisation of the active layer (organic monomer), resulting in a per-sistent darkening of the film. The degree of darkening can be measured as Optical
Density (OD) of the film and depends on the absorbed dose. The specific functionalrelationship1 between OD and absorbed dose needs to be derived from reference ir-radiations, using the corresponding RCFs and calibrated scanning devices. Having thiscalibration function available, RCFs provide a two-dimensional spatial distribution (10′sof µm resolution) of absorbed dose. Depending on the used film type, the dose rangesfrom 10–1Gy (e.g. Gafchromic EBT3) up to 103Gy (e.g. Gafchromic HD-V2) [310]. Heightand width of the RCFs can be individually adjusted to fully cover the experiment-specificarea of interest. Using a stacked configuration of RCFs and absorber material allows foran energy-resolved spatial dose distribution of the particle beam [311]. Each layer insuch a stack can be associated with a specific energy value that a particle must have topenetrate up to this particular layer. Additionally, the absorber material (e.g. Cu, Al, Ni)itself can serve as a diagnostic (detailed in subsection 3.5.5). RCFs are insensitive to differ-ent ion species, meaning that e.g. carbon ions can only be distinguished by their specificenergy deposition (Z2 dependence of stopping power where Z denotes the atomic num-ber of the ion) [312]. This dependence results in distinct stopping ranges for differention species. Electrons and X-rays will also induce reactions in RCFs. However, their con-tribution can be differentiated from protons as they typically create a diffuse backgroundsignal with different energy deposition in successive layers.Amajor drawback of RCFs is their offline nature, requiring replacement after each shot.For this reason, only a limited number of RCFs were used during the experiments pre-sented in this thesis. A motorised wheel, equipped with multiple clamps, facilitated irra-
1OD= log10 ( I0 / I ), I0 : incident light, I : transmitted light
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diation of up to eight stacks. All deployed RCF stacks were wrapped in 30μm aluminiumfoil to prevent transmitted laser light and target debris to interact with the films. Further-more, this layer effectively blocked the majority of low energy ions (e.g. < 145MeV C6+).The lateral stack size was either 5 cm × 5 cm or 10 cm × 5 cm. The amount and thicknessof the absorbers were adjusted for each experiment, ensuring that the stack providedgood energy resolution in the range of expected maximum energies. Detecting protonenergies > 100MeV required copper plates with an accumulated thickness of 14.5mm,resulting in a total weight of 650 g for the stack.
3.5.5 Nuclear activation measurements

A proton detectionmethod that can be effectively used in conjunction with RCFs is basedon nuclear activation measurements, a highly sensitive method that relies on the detec-tion of gamma-rays emitted by a sample to identify and quantify the presence of spe-cific elements. When a sample is irradiated with particles, such as neutrons, protons,electrons or photons, a nucleus in the sample might capture these particle, leading tothe formation of an excited compound nucleus. This usually short-lived isotope under-goes radioactive decay, emitting gamma-rays with characteristic energies. By measuringthe energy and the intensity of these gamma rays, it is possible to identify the differentisotopes present in the sample. Other research groups have also explored the use ofproton-induced reactions in copper as potential diagnostic tool [313–315].In the context of this thesis, stacks of RCFs (c.f. subsection 3.5.4) are interleaved withabsorber material to resolve the dose for different energy levels. The absorbers havea thickness of 1.3mm and consists of copper in the natural abundance, comprising69.17% of 63Cu and 30.83% of 65Cu. When the copper layers are exposed to the laser-accelerated proton beam, several radioactive isotopes are produced. After the irradia-tion, when the interaction chamber is returned to normal pressure and the RCF stacksare removed from the experimental setup, the different isotopes in the copper layer canbe analysed bymeasuring the gamma-rays emitted. Gamma-ray detectionwas facilitatedby a well-shielded high-purity germanium spectrometer (GR4020 fromCanberra) with anenergy resolution of 0.24MeV. An example energy spectrum from such a measurementis shown in Figure 3.16.
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Figure 3.16: Nuclear activation measurement. Left: Illustration of detector technique.Protons hit the copper absorbers (composition: 69% of 63Cu, 31% of 65Cu) in the RCFstack, generating radioactive isotopes which decay by emitting neutrons or gammarays. The subsequent copper layer absorbs protons and neutrons, forming compoundisotopes that emit characteristic gamma rays. Right: Energy spectrum measured by ahigh-purity germanium detector. The different gamma ray peaks represent character-istic isotopes generated by proton-neutron reactions.
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4 Optimisation of sheath
acceleration for high-quality
proton beams

This chapter presents results on the optimisation of laser-driven ion acceleration fromsolid plastic foil targets in the Target Normal Sheath Acceleration (TNSA) regime atDRACO-PW. The primary objective was to identify reasons for the initially low perfor-mance level at DRACO-PW, representing the starting point of this thesis, and to developoptimisation strategies to enhance the proton beam quality, including maximum ener-gies, particle numbers and shot-to-shot stability.As a first step, this involved implementing diagnostics for precise temporal pulse con-trast characterisation andmethods for contrast optimisation, aswell as establishing stan-dardised operation principles for final pulse compression of the laser. Building on theseachievements, a systematic study on the laser pulse parameters and their effect on pro-ton acceleration performance from thin plastic foil targets was conducted. An acousto-optic programmable dispersive filter was used to modify the spectral phase propertiesof the laser pulse and thus the intensity distribution during the last picoseconds aroundthe main pulse. The experimental data revealed that highest proton energies and par-ticle numbers were observed for asymmetric temporal pulse shapes significantly differ-ent from the standard conditions of a nearly ideally compressed pulse. Furthermore,the robustness of this enhancement effect across various laser-target parameters andover many months of operation is demonstrated. Simulations were performed to gaininsights into the underlying microscopic details leading to the observed enhancementeffect. The results of this chapter led to the publication of TZ3.

4.1 Introduction

TNSA stands out as the most robust, extensively studied and widely understood regimefor laser-driven ion acceleration. It has therefore received particular attention for real-ising practical applications with plasma accelerators. The characteristics of TNSA accel-erated particle beams is closely connected to the electrostatic sheath field, that estab-lishes during the interaction with the laser (detailed in subsection 2.3.1). Particularly, thecoupling of laser energy to the plasma electrons and their subsequent dynamics play acrucial role.While highest proton energies have been primarily achieved using high-energy long-
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pulse lasers, which deliver only a few shots per day, preventing application-relevant highaverage currents [139, 316], the advent of ultra-short pulse laser systems holds substan-tial promise. With pulse durations of a few tens of femtoseconds and repetition rates upto 10Hz, these laser systems are ideally suited to bridge the gap towards applications.Today, numerous facilities worldwide [221, 233, 234, 239, 317, 318] approach or evensurpass the PW-level (detailed in subsubsection 3.1.1) with on target intensities between1021Wcm–2 and 1022Wcm–2. Furthermore, these laser systems provide additional op-tions for control, modifications and diagnostics, being of particular importance for thecharacterisation of laser pulse parameters in focus at these intensities.Previous studies have already shown how different experimental control parameters im-pact on the beam properties of electrons and protons. Employing dedicated laser-targetconfigurations, such as ultra-thin, low density or special shape targets, has allowed forcontrol and establishment of an optimised TNSA-based acceleration regimes [29, 127,319–322]. These efforts are complemented by a variety of laser pulse parameter scans(e.g. energy, duration, temporal contrast), aimed to determine the optimal accelerationperformance [18–21, 30, 177, 323]. However, a major challenge for plasma acceleratorshas always been the limited knowledge of the exact plasma conditions at the arrival ofthe main pulse at the target, which may differ significantly from analytical models or ide-alised simulations due to pre-pulses as well as spatio-temporal couplings of the laser.To exploit the full potential of laser driven ion accelerators, on-shot diagnostics and real-time feedback routines guided by machine learning techniques, similar to those alreadyapplied for wakefield accelerators [324], will become essential.The results presented in this chapter demonstrate that actively controlling the temporallaser pulse shape significantly enhances the proton acceleration performance using astate-of-the-art ultrashort-pulse laser system.In a series of experiments under well-controlled contrast conditions and variations intarget thickness, material, laser energy and temporal intensity contrast, a consistent in-crease inmaximumproton energies and particle numbers was observed, when changingthe temporal laser profile from a Fourier Transform Limited (FTL) pulse to an asymmet-ric shape. Applying positive third order dispersion values proved to optimise proton ac-celeration from solid foil targets, resulting in maximum energies of 70MeV at 18 J laserenergy on target. This represents a substantial enhancement in maximum energy com-pared to what has been achieved with the standard parameters (≈ 30MeV).

4.2 Temporal contrast at experimental environment

The temporal intensity distribution of a laser pulse can have an immense influence onthe laser-plasma interaction processes as discussed in chapter 2. High-intensity lasersystems, such as the one employed for this study, typically produce laser pulses witha substantial amount of energy distributed around the main pulse (detailed in subsec-tion 3.1.2). Consequently, a detailed characterisation of this distribution is of centralimportance to understand the experimental results and to provide accurate and validinput for numerical simulations. Therefore, it is imperative to measure laser parametersunder representative experimental conditions, capturing the energy levels relevant tothe real experiment, rather than relying on measurements of an attenuated beam.The temporal intensity distribution of the DRACO-PW laser is illustrated in Figure 3.5.The individual contributions to the measured intensity contrast and their origin werediscussed in subsection 3.1.2 and subsubsection 3.1.3. The measurement has beendone using the standard measurement procedure within the community, where typi-cally a small fraction is picked off from the attenuated laser beam and sent towards thedifferent diagnostics. However, the energy level and thus the fluence of the laser beam
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during the experiments is significantly higher. Figure 4.1 shows the influence of differentlaser fluence levels on the temporal intensity contrast, measured just before the final fo-cussing optic in the experimental chamber. The solid blue line represents the standard

Figure 4.1: Temporal contrast dependence on laser fluence. The left plot shows theTOAC measured intensity contrast up to –100ps before the main pulse for differentlaser output energies (diagnostic-mode: blue line, power-mode with 20% amplifica-tion: green line, power-mode with 100% amplification: black dots). Higher energiesresult in a higher ASE level and coherent contrast level. The right plot shows the in-fluence of the different fluence levels on the pre-pulse intensity. With the laser in di-agnostic mode, the pre-pulse was barely distinguishable from the background level at10–8, whereas increasing the laser fluence to the power-mode also increases the in-tensity level of the pre-pulse by ≥ 1000 to ≈ 10–5.
measurement using an attenuated laser beam in diagnostic-mode. In contrast, the greensolid line and the black dots correspond to power-modemeasurements with higher laserenergy, i.e. 20% and 100% pumped main amplifier in the Twin Multipass. Higher laserfluences result in higher B-integral values and thus stronger nonlinear coupling [261,263]. This effect is evident in the measured data, showing higher intensity levels for the
Amplified Spontaneous Emission (ASE) component, the coherent contrast and individ-ual pre-pulses. The left plot of Figure 4.1 shows the increase of the coherent contrastbetween –54ps and –10ps from ≥ 1013Wcm–2 to ≥ 1015Wcm–2, assuming a focussedpeak intensity of 5 × 1021Wcm–2. The most important impact of the higher laser flu-ence is the substantial amplification (≈ 1000) of the pre-pulse intensity at –54ps, whichis shown in the right plot of Figure 4.1. Reaching an intensity level of 5 × 1016Wcm–2,potentially even higher, this pre-pulse would promptly trigger ionisation and subsequentexpansion of the target, thereby preventing optimal TNSA conditions.Under these conditions, pre-pulse elimination or contrast enhancement methods suchas a plasma mirror must be applied to achieve perfect starting conditions for TNSA.

4.3 Plasma mirror

A PlasmaMirror (PM) is a self-induced ultrafast optical shutter enabling the suppressionof unwanted pre-pulses and pedestals of high-intensity laser pulses. The shutter is acti-vated by the laser light itself as soon as it reaches the ionisation intensity of the mirrorsubstrate. The preceding laser light (ASE, coherent pedestal and pre-pulses) is usuallynot intense enough to trigger ionisation and instead transmitted through the substratewith a remaining Fresnel reflectivity. High-quality anti-reflection coatings can help to fur-ther suppress this component. Once the laser intensity is sufficient to cause ionisation ofthe substrate, the reflectivity of the PM changes significantly. The rapid ionisation leads
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to the formation of a flat and dense plasma layer that reflects the incoming laser lightefficiently. A fraction of the main pulse energy is absorbed by the material before ionisa-tion and by the reflecting plasma after ionisation. The overall reflectivity and the contrastenhancement factor are important characterisation parameters of the PM.The PMconcept and the first realisationwas already achieved in 1991by Kapteyn et al. [325].A detailed theoretical and experimental characterisation of a PM for high-intensity laserpulses was published by Doumy et al. [326] in 2004. A similar experimental characterisa-tion study was published by Dromey et al. [327] in the same year. Under optimised con-ditions a reflectivity of 96% [328] and an enhancement factor of 104 [329] was achievedusing a single stage PM. Thaury et al. published the first realisation of a double PM setupin 2007. With such a double PM setup, Choi et al. [330] achieved a contrast enhance-ment factor of almost 106 with a reflectivity of 70% using high-intensity laser pulses at aPW laser facility.

4.3.1 Plasma mirror implementation at DRACO-PW

An illustration of the realised PM setup for the DRACO-PW laser at the big target chamberis shown in Figure 4.2. The compressed laser pulses enter the chamber on the upper

Figure 4.2: Schematic layout of the plasmamirror setup at DRACO-PW. Compressedlaser pulses enter the experimental chamber where they can either be sent to thefinal OAP directly (dotted beampath) or first towards the plasma mirror setup. Thesetup consists of a focussing (OAP#1) and a recollimatingOAP (OAP#2), the rectangularplasma mirror substrate and diagnostics for the spatial and the temporal domain.
level with p-polarisation. Motorised high-reflectivity turning mirrors can be positioned inthe beam path on demand to direct the laser towards the PM setup. The setup consistsof a focussing and a recollimating Off-Axis Parabola (OAP) (f / 6, OAP angle = 25∘) andthe PM substrate. The rectangular substrate has an anti-reflection coating except fora small Al-coated stripe (width: 5mm) on the side, enabling substrate alignment at lowlaser energies. The dimension of the substrate (100mm × 75mm) support 250 to 300shots before it needs to be replaced. The setup further consists of imaging optics anddiagnostics for on-shot near field and far fieldmonitoring, requiring the specific transmis-
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sion values of the turning mirrors after the recollimating OAP. Moreover, an all-reflectiveattenuation system was developed and implemented during this thesis, allowing for on-shot measurements with different time-domain diagnostics.

4.3.2 Plasma mirror characterisation at DRACO-PW

The implemented PM setup was characterised with respect to the achievable reflectivityand the influence on the temporal intensity contrast of the laser. The reflectivity mea-surements were done by imaging an energy-calibrated ceramic screen onto a camera.The temporal contrast measurements used a half inch beam that was picked off fromthe main, attenuated and directed towards different pulse diagnostic devices.The substrate is positioned at the “working point”, which is usually not the focal point ofOAP#1 but somewhere in the mid-field where the intensity is lower. To determine theideal working point, a fluence scan was conducted in a preparation study. The outcomeof this scan identified the optimal substrate position, ensuring optimal contrast enhance-ment and a high reflectivity without any spatial distortion of the laser beam. Figure 4.3shows on the left the result of the reflectivity measurement at the chosen working pointas a function of different laser energy values. The reflectivity of the PM is ≥ 80% for the

Figure 4.3: Characterisation of the plasma mirror setup. Left: Plasma mirror (PM)reflectivity as a function of laser energy. The used working point reaches a maximumreflectivity ≥ 80% for 22.5 J. Lower laser energies result in a slightly lower reflectivityfor the same working point. Right: Temporal pulse shape from SPIDER measurementswith and without PM. For both cases, the characteristic Gaussian shape of the mainpulse is preserved, indicating that the temporal intensity distribution of the main pulseis not affected by the PM.
maximum laser energy of this experiment (22.5 J). For lower laser energies the chosenworking point maintains a slightly lower but still quite efficient reflectivity ranging from70% to 78%.The influence of the PM on the temporal intensity distribution of themain pulse is shownin the right plot of Figure 4.3. The primary pulse shape of the main pulse remains unaf-fected, preserving it’s characteristic Gaussian shape. This specific measurement showsonly a slight increase in the FWHM pulse duration from 31 fs to 35 fs, indicating that thePM does not significantly influence the spectral phase of the laser pulse at the chosenworking point.The most important parameter, characterising the performance of the PM, is the en-hancement of the temporal intensity contrast. Figure 4.4 compares the contrast mea-surements with and without the PM. The left plot shows scanning Third-Order AutoCor-
relator (TOAC)measurements on the tens of ps time scale, demonstrating the effective-ness of the PM in enhancing the temporal contrast. Evidently, the pre-pulse intensity at
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Figure 4.4: Temporal intensity contrast of DRACO-PW. The left plot compares theresults of the TOAC measurements with (red) and without (black) plasma mirror (PM).In the tens of ps time scale, the enhancement is constant and the pre-pulse intensityat ≈ –54ps insufficient to trigger ionisation. The right plot shows the sub-ten ps timescale, also including measurements using the single-shot SRSI-ETE technique (orangeand blue). The PM trigger point was identified at ≈ –200 fs.

≈ –54ps is not sufficient to trigger ionisation of the PM, as the contrast enhancementremains constant after this pre-pulse. The right plot displays the results on the sub-tenps time scale, also including averagedmeasurements obtained with the single-shot SRSI-ETE technique (detailed in subsubsection 3.4.2). Due to the different detection limits ofthe two detectors, a direct comparison of the different configurations is only viable be-tween –2ps and +4ps. It is also essential to acknowledge the operational aspects ofthe two techniques: while the scanning TOAC method necessitates multiple shots, eachrequiring a new position on the PM substrate, the SRSI-ETE technique provides compre-hensive data within a single shot, featuring superior temporal resolution. This accuracyallows to determine the trigger point of the PM to be at ≈ –200 fs, as can be seen in theright plot of Figure 4.4. Nevertheless, the SRSI-ETE’s limited dynamic range currently re-stricts its analysis capabilities to a narrow time interval. Furthermore, the two techniqueshave different sensitivities regarding the accepted range of wavelengths. This might yielddifferent results, particularly for ultra-short laser pulses that are characterised by a broadrange of wavelengths.
The PM contrast enhancement was determined by two distinct methods. The results ofthese methods are illustrated in Figure 4.5. The left plot shows the absolute reflection of

Figure 4.5: Contrast enhancement factor of plasma mirror. The left plot shows thespectrophotometer measurement of the plasma mirror (PM) substrate, yielding an av-erage reflectivity of 2.3 × 10–4 (red) within the range of the laser spectrum (grey). Theright panel shows the ratio between the TOAC measurements with and without PM,resulting in an intensity ratio of 2.1 × 10–4.
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the PM substrate as a function of wavelength, alongside an exemplary laser spectrum.The reflectivity data was obtained using the Cary7000 spectrophotometer from Agilent.Within the wavelength range of the laser, the reflectivity of the PM substrate falls withinthe range of (1.5 – 5) × 10–4, yielding an averaged reflectivity of 2.3 × 10–4. This resultis confirmed by the analysed TOAC measurements in the right panel of Figure 4.5. Thefigure shows the ratio between the measurement with PM and without PM, resulting inan intensity suppression of ≈ 2.1 × 10–4. The contrast enhancement factor of the PMcan be calculated from this value.In conclusion, the characterisation results demonstrate that the PM setup at DRACO-PWis very effectively cleaning the temporal intensity contrast of a PW-class laser and that theperformance of the setup is close to achieving the published optimum values attainablewith a single stage PM.

4.4 Temporal pulse shaping by spectral phase modification

The spectral phase of a laser pulse affects its temporal profile and the interaction withthe target. Manipulating the spectral phase allows for precise control over the temporalproperties, enabling to tailor the laser pulses shape to achieve a specific intensity pro-file. Using this technique for picosecond pulse shaping was first published in 1985 byHeritage, Weiner and Thurston [331].
4.4.1 Theory on temporal pulse shaping

Following Maxwells equations and ignoring the spatial portion, the temporal evolutionof the electric field of a linearly polarised laser pulse can be expressed as:
E(t) = 1

2
√︂1
2 ε0 cE20(t) exp ( i (ω t –Φ(t) ) ) + c.c. (4.1)

where E0(t) and Φ(t) are the temporal amplitude and phase of the laser pulse, respec-tively. These two parameters contain all information to describe the laser pulse in thetime domain. The expression in the root defines the period averaged temporal evolutionof the intensity I(t) of the electric field, i.e. the temporal contrast of the laser pulse:
I (t) = 1

2 ε0 cE20(t) (4.2)
By performing a Fourier transformation, the complex electric field of the laser pulse canalso be described in the frequency domain.

̃︀E(ω) = 1
2
√︂ 1
4 π ε0 c ̃︀E20(ω) exp ( –iφ(ω) ) + c.c. (4.3)

Analogue to the time domain, the laser pulse in the frequency domain is fully describedby the spectral amplitude ̃︀E0 and the spectral phase φ(ω). Both expressions for the laserpulse, Equation 4.1 and Equation 4.3, are equivalent and yield the same pulse shape.The time integrated spectrum̃︀I (ω), i.e. the spectral intensity distribution of the laser, isdefined by: ̃︀I (ω) = 1
4 π ε0 c ̃︀E20(ω) (4.4)

The spectral phase of a laser pulse describes how the different spectral components ofthe pulse (i.e. its frequencies) evolve in time. If all frequencies of the laser pulse have
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the same phase, they interfere constructively, leading to the shortest and steepest pulsepossible. Any deviation from this optimal condition shifts frequency components in time,resulting in a non-perfect pulse shape. Mathematically, the spectral phase is typicallyexpanded into a Taylor series around a central frequency ω0 for small deviations of ω:
φ(ω) = ∞∑︁

n=0 φn
(ω – ω0)n

n! = φ0 + φ1 ω – ω01 + φ2 (ω – ω0 )2
2 + φ3 (ω – ω0 )3

6 + ... (4.5)
The expansion coefficients φn are defined as follows:

φn =: dnφ (ω0)dωn
(4.6)

Each coefficient of Equation 4.6 can be related to a characteristic behaviour of the laserpulse. The first coefficient φ0 describes the absolute phase of the laser pulse and isidentical in both the time and the frequency domain. The second term φ1, i.e. the firstderivative or the first order phase term, represents a simple shift in time and is thereforealso referenced as group delay or Carrier Envelope Phase (CEP) of the laser pulse. Thesecond order phase term φ2, also known as Group Velocity Dispersion (GVD), resultsin a linearly chirped pulse, where the frequency either linearly increases (positive chirpor up-chirp) or decreases (negative chirp or down-chirp) over time. The φ3 coefficientis termed Third Order Dispersion (TOD) and describes the frequency dependence ofthe GVD. For a qualitative description of a standard laser pulses, the first few terms ofEquation 4.5 are usually sufficient.
The influence of different spectral phase parameters on the temporal pulse shape arequalitatively illustrated in Figure 4.6. For an ideal spectral phase distribution (φ(ω) =const.)
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Figure 4.6: Illustration of spectral phase influence on temporal pulse shape. A flatspectral phase results in an ideally Fourier Transform Limited (FTL) pulse (grey dashedline) for a given laser spectrum (black solid line). A positive Group Velocity Disper-sion (GVD) results in an homogeneous broadening of the pulse (blue solid line), whilea modification of the Third Order Dispersion (TOD) yields an asymmetric pulse shape(yellow solid line) with significant post-pulses.
the temporal shape of the laser results in a Fourier Transform Limited (FTL) pulse (greydashed line) for a given laser spectrum (black solid line). Positive GVD values (blue solidline) preserve the symmetric shape but temporally stretch the pulse, resulting in a re-duction in peak intensity and an increased FWHM pulse duration. A pure modificationof the TOD leads to an asymmetric pulse shape (yellow solid line), identified by a shallowrising and sharp falling edge (or vice versa if TOD value has opposite sign) and a reduc-tion in peak intensity due to frequency components being shifted away from the mainpulse, resulting in post- or pre-pulse generation and reduction. The intensity of theseadditional post- or pre-pulses increases with higher TOD values.
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4.4.2 Experimental realisation and results

The experiments described below were performed using the DRACO-PW laser, which isdescribed in detail in subsection 3.1.3. TheDRACO-PW laser system features anAcousto-
Optic ProgrammableDispersive Filter (AOPDF) at eachChirpedPulse Amplification (CPA)stage, which enables to control the spectral phase of the stretched laser pulse (detailedin subsection 3.1.3). A simplified sketch of the laser system, the measurement setup andan illustration of the feedback control system can be found in Figure 4.7. In a systematic

Figure 4.7: Illustration of the experimental spectral phase measurement and feed-

back control. The DRACO-PW laser pulses in two energy configurations (diagnostic-mode and power-mode) are analysed by multiple time-domain diagnostics at two dif-ferent pickoff positions - one at the laser area and one at the experimental area. Theresults are used as feedback for the settings of the spectral phase control system ofthe AOPDF, located after the stretcher of the CPA2 stage.
study, the spectral phase parameters GVD and TOD were actively modified by preset-ting the according values in the control software of the AOPDF. The influence of thesemodifications on the temporal pulse shape of the laser was measured by multiple scan-ning and single-shot diagnostics, including second and third order autocorrelators (ACand TOAC), field autocorrelation methods like self-referenced spectral interferometry(SRSI & SRSI-ETE) and spectral phase interferometry for direct electric-field reconstruc-tion (SPIDER). The measurements were conducted at different positions within the laserchain (vacuum compressor output & just before final focusing) and using different pick-off methods (full-aperture≃7" & 1" mirror) and laser energy settings (diagnostic-mode& power-mode, corresponding to 0% or 100% pumped main-amplifiers, respectively).
Initially, it was investigated whether the automatic feedback loop of the AOPDF providesa flat spectral phase profile over the entire laser spectrum. Additionally, it was verifiedif the different laser energy configurations or the implementation of the plasma mirrorsetup influence the spectral phase and thus the pulse profile. Figure 4.8 shows exem-plary SPIDER measurements for the standard phase settings and different laser energyconfigurations. The measured pulse profile for all configurations is on the linear inten-sity scale very similar to an ideal FTL pulse (calculated from measured laser spectrum).Simultaneousmeasurements performedwith the different redundant time domain diag-nostics and pick-off ports delivered consistent results, thus all relative phase changes in-troduced in the following can be referenced to a 30 fs FWHMnear-Gaussian pulse shape.However, some remaining pre- and post-pulse structures are clearly visible on the loga-rithmic scale, originating from a non-perfect pulse compression. A detailed stability studyof the spectral phase distribution revealed periodic fluctuations in the spectral phase, es-pecially at the edges of the laser spectrum, which are hard to compensate by the AOPDF.
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Figure 4.8: Laser pulse shape for standard phase settings. Temporal intensity distri-bution retrieved from SPIDER measurements for the automatic feedback-loop of theAOPDF and different laser energy configurations. Different laser energy configurations(diagnostic mode - blue, power mode - black, power mode & PM - red) show consistentpulse shapes on the linear (left) and the logarithmic (right) intensity scale.

As a next step, the AOPDF control software was used to modify the spectral phase pa-rameters of the laser pulse. An exemplary result for additionally added GVD and TOD(ΔGVD: 1750 fs2, ΔTOD: 40e3 fs3) is shown in Figure 4.9. The SPIDER results reveal an
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Figure 4.9: Laser pulse shape for optimised phase settings. Temporal intensity distri-bution retrieved from SPIDERmeasurements after manual phase modifications (ΔGVD1750 fs2, ΔTOD 40e3 fs3) and different laser energy configurations. Different laser en-ergy configurations (diagnostic mode - solid blue, power mode - dashed red, powermode & PM - dotted green) show consistent pulse shapes on the linear (left) and thelogarithmic (right) intensity scale.
asymmetric pulse profile with a shallow rising edge and significant post-pulses, confirm-ing the theoretical considerations in subsection 4.4.1. Measurement employing the SRSIand SRSI-ETE diagnostics reveal qualitatively similar laser pulse profiles.
A collection of multiple shots for identical spectral phase parameters is shown in eachpanel of Figure 4.10. The thick red line represents the mean value of the temporal inten-sity distribution, derived from all individual single-shot measurements (depicted as thingrey lines). Each plot corresponds to specific spectral phase parameters as indicated inthe upper right corner of the respective plot. The data demonstrate, that the observedshot-to-shot fluctuations do not significantly impact the overall laser pulse shape of eachsetting and that the differences between the individual phase parameters remain moreprominent.
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Figure 4.10: Temporal pulse shape stability for different spectral phase parame-

ters. The different spectral phase parameters (indicated in the upper right corner ofeach plot) significantly influence the temporal pulse shape. Positive TOD values leadto an asymmetric pulse profile with a shallow rising edge and significant post-pulses.Single-shot measurements (grey) do not reveal significant differences from shot-to-shot, compared to the mean value of all shots (red).

4.5 Proton acceleration under optimised temporal contrast
conditions

The influence of the actively modified spectral phase parameters GVD and TOD on theproton acceleration performance from solid-state targets is studied in this section. Fig-ure 4.11 illustrated the experimental setup, including all used diagnostics. P-polarised

TPS 45°

RCF

frontside TPS

transmitted
lightDRACO-PW

reflected light

1/2" pickoff

f / 2.3
90° OAP

SRSI-ETE

SPIDER

Laser metrology

TOAC

target

EL = 18J

AC

PD

Figure 4.11: Illustration of the experimental setup. Laser pulses are focused by anf / 2.3 off-axis parabola (90∘) onto thin plastic foil targets. The kinetic energy distribu-tion of the accelerated protons is measured by two Thomson parabola spectrometers(frontside TPS and TPS45 positioned at –135∘ and 45∘ with respect to the laser propa-gation direction). The spatial proton beam profile is characterised by a radio-chromicfilm stack. Ceramic screens enable the collection of the reflected and transmitted laserlight. The temporal intensity distribution of the laser pulse is measured by multiplescanning and single-shot detectors.
laser pulses with an FHWM pulse duration of ≈ 30 fs and a maximum energy of 22.4 Jpropagated from the laser area to the experimental area. A re-collimating single PM
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could be incorporated to the setup on demand, facilitating temporal contrast enhance-ment by more than 103 (detailed in section 4.3). After the PM, the wave-front correctedlaser pulse with a total remaining energy of 18 J was focused by an f / 2.3 off-axis parabola(90∘) to an FWHM spotsize of 2.6μm yielding a peak intensity of 5.4×1021Wcm–2. Solid-state targets of different material and thickness were positioned at an angle of 45∘ withrespect to the laser propagation direction.A portion of the laser beam is picked off by a half inch mirror and directed to the lasermetrology bench. There, the temporal intensity distribution of the laser pulse is mea-sured before the shots using a scanning TOAC and on a single-shot basis during theexperiment using a combination of multiple detectors (SPIDER, SRSI-ETE, AC). The en-ergy contrast of the laser was measured before the shots by a fast photodiode. Ceramicscreens enabled to collect the reflected and transmitted laser light.The accelerated ion beam in target normal direction (45∘) was analysed by a Thomson

Parabola Spectrometer (TPS), providing an energy dependent resolution of 5% with aminimum detectable proton energy of 7MeV. Another magnetic spectrometer was posi-tioned in front side target normal direction, i.e. –135∘ with respect to the laser propaga-tion direction. For selected shots, a stack of calibrated RadioChromic Films (RCFs) wereinserted 55mm behind the target, allowing for proton beam profile characterisation, ab-solute particle number calibration and complementary maximum energy detection.

4.6 Experimental results

Figure 4.12 shows the maximum proton energies at 45∘ from 400nm Formvar targetsfor different spectral phase modifications of the second-order (ΔGVD) and third-order(ΔTOD) parameter. Initially, the GVD was kept constant (ΔGVD = 0 fs2) and the TOD was
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Figure 4.12: Spectral phase influence on proton acceleration performance. TPS re-sults on maximum proton energies from 400nm Formvar targets for different GVDand TOD parameters. Each marker represents one single shot, dashed lines connectmean values. While the maximum energy for the standard settings (ΔGVD = 0 fs2,ΔTOD = 0 fs3) is below 30MeV, the optimised conditions (1750 fs2, 40e3 fs3) yield60MeV and thus an effective doubling of the maximum energy.
varied in 20e3 fs3 steps from –20e3 fs3 to +80e3 fs3. Negative TOD values degrade theacceleration performance, whereas positive TOD values generally result in higher maxi-mum proton energies, increasing from below 30MeV to more than 40MeV. However, aclear optimum is not apparent from this data set, especially since the TOD could not befurther increased without producing deep and sharpmodulations of the laser spectrum,which is critical for system safety.
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To clarify whether the observed proton energy enhancement is attributed to the TOD-induced pulse shapemodifications or a consequence of the simultaneously altered laserpulse duration, an additional GVD scanwas performed for twodistinct TOD values (ΔTOD :0 fs3 and ΔTOD : 40e3 fs3). The results of these additional modifications are shown inthe right plot of Figure 4.12. For TOD 0 fs3 the GVD was varied between –2000 fs2 and+2000 fs2, without substantially affecting the maximum proton energies. At GVD valuesof ±2000 fs2, the maximum energies dropped below 25MeV as a result of the signifi-cantly reduced laser intensity associated with the increased pulse duration (≈ 10× FTLpulse duration). Another GVD scan was performed between 0 fs2 and 2500 fs2 for afixed TOD value of 40e3 fs3. Higher GVD values further increased the maximum pro-ton energies, with a clear peak at 1750 fs2 reaching 60MeV, followed by a decrease foreven higher GVD values. RCF measurements not only validate the TPS results but alsodemonstrate a clear enhancement effect for the optimised spectral phase parameters,as shown in Figure 4.13. Consequently, the optimised phase settings result in a clear en-
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Figure 4.13: Proton energy spectra for different spectral phase configurations. Thedata is obtained from measurements with Thomson parabola spectrometers (solidlines) and radiochromic film stacks (individual markers) for standard (blue) and opti-mised (red) spectral phase parameters.
hancement of the laser-to-proton energy conversion efficiency from ∼ 2.1% to ∼ 4.9%for protons with kinetic energies of more than 15MeV.Comparing the SPIDER measurements to the proton energy results reveals that thebest acceleration performance is achieved for non-ideal spectral phase parameters (ΔGVD =1750 fs2, ΔTOD = 40e3 fs3), yielding a well compressed but asymmetric pulse shaperepresented by a shallow rising edge on the linear intensity scale followed tens of fs laterby a non-negligible post-pulse structure. Symmetrically broadened pulse shapes (i.e. in-creased pulse durations), result in lower maximum proton energies as a result of thereduced peak intensity.
Another experiment studied how the proton acceleration from the target front side is af-fected for these changes of the spectral phase settings. Figure 4.14 shows themaximumproton energies from the target front side that weremeasured by the TPS at –135∘ (FTPS)for an identical experimental setup with slightly higher on-target laser energy. With vary-ing TOD a similar trend establishes for both front side and rear side accelerated pro-tons. Adding TOD to the standard phase settings increased the mean energy of frontside accelerated proton from ≈ 30MeV to > 40MeV. A comparison to the simultane-ously measured proton energies in target normal direction reveals, that the accelerationfrom the target front side dominates for ΔTOD values ≤ 20e3 fs3. For higher values theratio shifts towards a rear side dominated acceleration scenario. The compact setup

4.6 Experimental results 69



Figure 4.14: Spectral phase influence on proton acceleration from the target front

side. The left plot shows FTPS results on maximum proton energies from 400nm For-mvar targets for different TOD parameters. Individual shots are indicated by roundmarkers, the errorbars represent the standard deviation of the mean value (box) fora certain phase setting. The right plot illustrates the ratio between maximum protonenergies accelerated from the rear side and the front side of the target.

of the FTPS only allowed for the detection of maximum proton energy but not for ananalysis of absolute particle numbers. This task, along with a direct comparison of theeffectiveness of front and rear side acceleration, needs to be addressed in a future study.
The results consistently indicate that the enhancement in proton energies and particlenumbers is correlated to the applied TOD modifications. In the following, the stability ofthis enhancement effect is studied for different laser-target configurations, which werechosen to cover a wide parameter range and thus different initial interaction conditions.Figure 4.15 shows the effect of a pure TOD modification (ΔGVD = 0) on the maximumproton energy for 180nmand 400nmFormvar aswell as 2μmand5μmtitanium targets.For shots on the 2μm titanium targets, the PM was removed and the laser energy wasreduced to 6.6 J.
The results confirm a consistent trend of proton energy enhancement for higher TODvalues, across all studied cases. While the specific increase in maximum proton energiesvaries, a 20% gain is always achieved. Positive TOD values consistently lead to highermaximum energies, while negative TOD values decrease the acceleration performance.An appropriate fine-adjustment of the GVD and higher-order terms of the spectral phaseto maintain a short pulse duration is expected to further increase the gain.

The described optimisation of the spectral phase was established as a daily preparationroutine during proton acceleration experiments at DRACO-PW. Based on a few shotseach day, the optimal GVD-TOD combination was evaluated and applied throughout theexperiment. Optimal TOD values generally ranged between (20 – 40)e3 fs3 and GVDvalues were adapted accordingly to minimise the pulse duration. Figure 4.16 shows themaximumproton energymeasured on 45 different shot-days (575 total shots) over a pe-riod of more than one year of operation. In the case of standard spectral phase settings,the maximum proton energy for individual shots varies between 25MeV and 65MeV,resulting in an average energy of (42.6 ± 9.1)MeV. After switching to optimised spectralphase settings, maximum energies fluctuate between 40MeV and 71MeV, with reducedshot-to-shot variation and an increased average energy of (58.2 ± 6.2)MeV. The pre-sented spectral phase optimisation procedure leads to an averaged increase of ≈ 37%in maximum proton energy over the entire dataset.
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Figure 4.16: Long-term stability of performance optimisation method. Maximumproton energies for standard (blue) and optimised spectral phase settings (green) as afunction of accumulated shot-days. Each circle represents the TPS result of one singleshot, complemented by RCF stack data (orange stars). The shaded area depicts thestandard deviation, the solid lines connect the mean of individual data sets servingas guide for the eye. Over more than one year of operation (from March 2019 untilOctober 2020) and for a total of 575 shots on 45 accumulated shot-days the optimisedphase settings yield higher maximum proton energies than the standard settings. Thelaser target configuration on all shot-days was very similar (≈ 18 J pulse energy, plasmamirror cleaned contrast, oblique laser incidence, 200 – 400nm Formvar targets).
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4.7 Discussion on numerical simulations

Existing literature simulating asymmetric pulse shapes reports proton energy gain val-ues from 50% to 65%, but is not conclusive about the required type of asymmetry.Souri et al. [332] performed 1D simulations ignoring the presence of any pre-plasmaand found that a shallow rising edge enhances the proton acceleration performance inbest case by 65%. Kumar et al. [333] performed 2D simulations with a 10μmpre-plasmaramp and found a gain of 50% for a steeper rising edge. Both simulation studies thusyield a similar gain in proton energy for temporally asymmetric pulses, but the requiredasymmetry is just the opposite. Furthermore, the simulation do not meet the experi-mental conditions of this study (target: ≈ 230nc , peak intensity: 5 × 1021Wcm–2), asthey assume target densities of only 12 – 20nc and peak intensities of ≈ 1020Wcm–2.Double pulse structures may explain enhanced proton energies only when the secondlaser pulse contains either the same amount or the majority of the total laser energy [20,334]. This scenario contradicts asymmetric pulse shapes induced by positive TOD values.
Consequently, new numerical investigations are necessary, that replicate the experimen-tal conditions of this study. These simulations can provide further insights into the un-derlying laser-plasma interaction processes and the origin of the observed performanceenhancement. The specific task of performing and analysing the simulations was be-yond the scope of this thesis and has been assigned to two separate PhD projects [335,336]. Additionally, this topic has served as a blueprint for simulation code developmentsand inspired several smaller research projects, including bachelor and master theses,aimed at studying the consequences of individual aspects of asymmetric laser pulses.The following section will provide a brief overview of the general approach and highlightthe main results achieved so far. Details about the simulation setup can be found in theAppendix.
To investigate the influence of the modified temporal pulse shape, the asymmetric laserpulse was separated into three distinct scenarios, allowing to study the influence of eachindividually. The reference pulse is a Gaussian intensity distribution with 30 fs FWHMpulse duration. The integrated laser energy (18 J) is constant in all considered cases. First,the asymmetry of themain pulse on the linear intensity scale - hereafter called skewness -was studied. Therefore, the electric field envelope of themain pulse wasmodelled by twoGaussian halves with different σ. The ratio of these two values (σrise / σfall) is referencedas "rise-to-fall" (c.f. Figure A1). The imperfect intensity contrast on the sub-ps time scalewas modelled by different exponential intensity ramps in front of the Gaussian mainpulse. These ramps start –300 fs before the main pulse at a contrast level of 10–6 or 10–5and increase exponentially to 10–5, 10–4 and 10–3 at –100 fs, respectively (c.f. Figure A2).As third scenario, post-pulses of different intensities were simulated, following 80 fs and120 fs after the main pulse. The intensity distribution of both pulses was modelled by aGaussian intensity distribution, containing 10%, 20% or 40% of the total laser energy(c.f. Figure A3).
All scenarios reveal similar maximum proton energies and particle numbers at the endof the simulation. The different pulse shapes only yield variations ≤ 10%, significantlylower than the experimentally observed energy gain (up to 100%). Overall, the simulationresults significantly underestimate the experimentally observed gain in particle numberand energy and variations in the rising edge of the main pulse or post pulses show onlyminimal influence on the final proton energies.

In a more recent simulation study (using the PIC code Smilei [337]), the temporal pulse
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shape was initialised differently, resulting in promising overlap to the experimental data.In contrast to the previous approach, the laser pulse shape in this simulation was gen-erated by a Fourier transformation of the spectral phase and amplitude (c.f. subsec-tion 4.4.1). This results in more complex, i.e. realistic pulse shape that contains all theindividual features from the previous simulation approach. The resulting maximum pro-ton energies at the end of the simulation and the corresponding experimental data isshown in Figure 4.17. The simulation replicates the overall trend, where higher TOD val-
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Figure 4.17: Simulation results. Maximum proton energies from 400nm Formvar tar-gets as a function of modified TOD value (ΔTOD).
ues lead to higher proton energies. Optimal acceleration performance is achieved forTOD values ranging between 30e3 – 40e3 fs3, consistent to the experiment. Analysingthe laser energy distribution and the proton phase space led to the following hypothesisto elucidate the observed effect. Positive TOD values result in lower laser energy deposi-tion before the main pulse arrival, causing less pre-expansion of the target and steeperplasma density gradients at the target front and rear. Consequently, the absorption oflaser energy by plasma electrons is increased. The most energetic protons get acceler-ated from the target bulk close to the origin of the rear side sheath. Subsequently, theseprotons propagate towards the front of the expanding particle populationwhere they ex-perience unshielded TNSA fields, leading to further acceleration. The experimental datasupports the hypothesis of reduced target pre-expansion, as front side and rear side ac-celerated protons reach higher energies for positive TOD values. Furthermore, spectralmeasurements of the reflected laser light showed improved high-harmonic generationwhen TODwas added to the standard phase settings. A detailed analysis on these resultswill be part of another PhD project. The difference in absolute proton energy betweenthe simulation and the experiment can be attributed to the simplified low-dimensionalityof the simulation.
While the scenario of an asymmetric laser pulse may not appear overly complex at firstglance, the results suggest that the influence of the detailed intensity distribution onthe ion acceleration process is highly subtle. All performed simulations underline, thata more detailed understanding of the temporal plasma evolution coupled to the per-formed spectral phase changes of the laser is necessary to understand the experimen-tally observed energy enhancement. A major challenge on this way lies in determiningthe exact interaction conditions several picoseconds around the main pulse. This re-quires precise knowledge about the spatial and temporal laser intensity distribution andthe corresponding plasma response for each shot. Currently, neither the experimentaldiagnostics nor the computational capabilities have reached a level of development to
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fully address this task. Therefore, focussing on individual aspects of this multifacetedpicture remains an important approach. The results of this study identified the relevanttime and intensity scale that future experimental and numerical investigations shouldput into focus.

4.8 Conclusions

In summary, this chapter has shown that application-relevant proton beams with suffi-cient energy and particle yield and can be generated in a stable manner using a state-of-the-art high repetition rate PW-class laser system. This experimental breakthrough hasbeen achieved through continuous efforts to understand and optimise the temporal in-tensity contrast of the DRACO-PW laser system.Initially, this included the implementation of on-shot pulse diagnostic devices andmetrol-ogy ports for target environment conditions. The implementation and characterisationof an intensity dependent filter systems, i.e. a single stage re-collimating plasma mirror,has proven to significantly improve the temporal contrast by reducing pre-pulse inten-sity and steepening the rising edge of themain laser pulse. Optimal operation conditionsfor the plasma mirror result in a total energy reflectance above 80% and a contrast im-provement by more than three orders of magnitude. Having established such efficienton-demand laser contrast cleaning, the plasma dynamics has been restricted to the lastps before the main pulse arrives at the target. This enabled to modify even the sub-psrange by individually adjusting the instantaneous frequencies of the electric field andthus the temporal shape of the laser pulse by means of an acousto-optic programmabledispersive filter. Studying the influence of different pulse shape modifications on thequality of the accelerated particle beam revealed, that highest proton cut-off energiesand particle numbers were measured for temporal pulse parameters well different fromthose of ideally compressed Fourier transform limited pulses. The demonstrated stabil-ity of this effect during a long period of operation and over a wide range of interactionparameters like target thickness andmaterial as well as laser energy and temporal inten-sity contrast implies that this method could be easily transferred to other laser systemsoperating in the PW range. Note, in perspective of future applications, automated disper-sion control for performance optimisation is a readily applicablemethod to be combinedwith real-time feedback routines based on advanced computing schemes.
All these efforts have cumulated in performing dose-controlled “in vivo” studies with alaser-driven protons at the DRACO-PW laser system. This accomplishment representsa milestone in the translation process of plasma accelerators towards practical applica-tions. After applying the performance optimisation procedure, the generated particlebeam reached the desired energy and particle numbers to perform such a demandingexperiment. The combination of the optimised particle source with an energy selectivepulsed two-solenoid beam transport system [338] allowed to shape the particle beamspectrally and spatially to generate a homogeneous 3D dose distribution. The achieveddose distribution was monitored by a plethora of online and retrospective dosimetry di-agnostics allowing to achieve a very high precision in mean dose delivery (±10%) anddose homogeneity (±5%). The generated particle beams were applied in two differ-ent volumetric irradiation scenarios. At high precision with respect to predefined dosevalue and homogeneity dedicated tumors prepared in the ear of mice were irradiatedwith a single dose value of 4 (±0.4) Gy. In contrast, highest single-shot values of beyond20Gy could be applied at only slightly reduced beam quality to tackle the ultra-high doserate regime. The data and results of the two series of experiments were published byKroll et al. [16].
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5 Enhanced ion acceleration in the
relativistic transparency regime

In the pursuit of enhancing achievable particle energies beyond the limitations posedby the modest energy scaling of standard sheath acceleration, this chapter reports onan advanced ion acceleration scheme occurring in the Relativistically Induced Trans-

parency (RIT) regime. Previous experiments in the RIT regime have shown promisingresults [13, 130–138, 140, 141] and that proton energies up to 100MeV are achiev-able [139]. However, additional advancements are required, particularly in terms ofreproducibility and adaptability to ultrashort pulse lasers. These laser systems are ofgreat importance in facilitating systematic studies on the influences of laser and targetparameters due to their high repetition rate.
This chapter demonstrates the enormous potential of ion acceleration in the RIT regimeusing high-power laser systems with ultashort pulse durations (tens of fs). The combi-nation of thin plastic foil targets with precisely matched temporal contrast conditions ofthe laser enabled a transition of the initially opaque targets to transparency upon mainpulse arrival and full exploitation of the acceleration capabilities in this regime. Protonswith energies exceeding 60MeV and fully ionised carbon ions with energies surpassing30MeVu–1 could be generated using the J-KAREN-P laser system and only 10 J of laserenergy on target. A complementary investigation using the DRACO-PW laser replicatedthe experimental results, highlighting the robustness and controllability of the identifiedacceleration scheme. Additionally, the temporal laser contrast of DRACO-PWwas activelymodified by incorporating a plasma mirror to the setup, efficiently reducing the preced-ing laser light which resulted in a decreased optimal target thickness. A combination ofhydrodynamic and 3D particle-in-cell simulations revealed that the most energetic parti-cles are accelerated by a strong space charge induced electric field, followed by furtheracceleration in a diffuse sheath. The extremely localised space charge field, exceeding30 TVm–1, arises from the rapid expulsion of electrons from the target bulk due to RIT.
The presented resultsmark the culmination of several years of progress in operation andinstrumentation for laser-driven ion sources. During a series of experiments on bothlaser systems, standardised operation principles, experimental procedures, high-qualitybeam characterisation capabilities and analysis methods were established. Conduct-ing systematic scans of laser and target parameters using two different laser systems,complementary insights into microscopic plasma dynamics were gained and the optimalinteraction conditions for ion acceleration in the RIT regime identified. Ultimately, these
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collective efforts facilitated the successful replication of experimental results across twodistinct laser facilities. The results of this chapter led to the publication of TZ2.

5.1 Introduction

Target Normal Sheath Acceleration (TNSA) has proven to be a robust technique for gen-erating energetic ions by laser irradiation of foil targets [4, 5]. However, the mechanism’smodest energy scaling [27, 52, 53, 339] poses significant challenges when attempting toincrease the beam energy. In contrast, advanced acceleration schemes promise higherion energies when using ultraintense pulses at the same laser energy level. For example,in the light sail scenario of radiation pressure acceleration, an opaque ultrathin target iscollectively propelled by the laser [79, 129]. However, such ultrathin foils are extremelyfragile and require an almost perfect temporal laser intensity contrast, the ratio betweenthe main pulse and preceding light (c.f. subsection 3.1.2). Experiments and simulationswith realistic, i.e. non-perfect, laser parameters revealed difficulties in achieving coherentacceleration throughout the entire interaction with the laser pulse. Instead, target insta-bilities and heating of target electrons can cause rapid expansion, reducing the plasmacore density and suppressing light sail acceleration [123, 126]. Eventually, the electrondensity ne drops below the relativistically corrected critical density ncr = γnc, where γis the electron Lorentz factor and nc is the classical critical density. This results in laserpropagation through the target, referenced as the RIT regime (c.f. subsection 2.3.3).
It has been shown that for targets undergoing this transition to transparency, variousaccelerationmechanisms can produce energetic ions, including volumetrically-enhancedsheath acceleration [103, 130, 138], break-out afterburner [133, 146], magnetic vortexacceleration [143], acceleration synchronised to the relativistic transparency front [99,100], and hybrid mechanisms [127, 135, 139, 154]. Experiments in the RIT regime havedemonstrated carbon ions exceeding 1GeV [134] andprotons approaching 100MeV [139],both using high energy (≃ 100 J) glass laser systems with ≈ 1ps pulse duration. Experi-ments with ultrashort laser pulses (pulse duration tens of fs) and relatively low laser en-ergy (≤ 5 J) also demonstrated an impact of RIT on ion acceleration performance [127,158]. Recent simulation studies infer the importance of RIT over a wide range of laserintensities [157, 340].
Many applications of laser driven ion sources require an advancement from single-shot proof-of-principle studies to sustainable repetitive operation. The requirement ofhigh repetition rate (> 1Hz) currently necessitates the use of ultrashort pulse lasers,providing high intensities at modest laser energies compared to glass laser systems withhigh energies and ≈ ps pulse durations. Despite recent advances in improving the in-herent contrast of ultrashort pulse laser systems [267, 268], they are not yet suitablefor light sail acceleration without applying additional contrast enhancement techniques(e.g. plasma mirrors). These additional techniques usually complicate the overall setupand limit the ultimate repetition rate. Consequently, there is a great interest in optimis-ing ion acceleration using ultrashort pulse lasers, and in particular further investigatingadvanced acceleration schemes like RIT with these laser systems. The effective utilisa-tion of advanced acceleration schemes for applications necessitates a comprehensiveunderstanding of the underlying acceleration mechanism and sufficient control over rel-evant experimental parameters. Historically, many experiments, reporting results fromadvanced acceleration schemes obtained at a particular laser system could not be repro-duced at other laser facilities. However, replication of experimental results at differentfacilities is a fundamental prerequisite for enabling a widespread adoption and applica-tion of plasma accelerators.
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5.2 Experimental setup using the J-KAREN-P laser

The effect of changing target thickness on ion acceleration was investigated using theJ-KAREN-P laser at the Kansai Photon Science Institute (KPSI) [233]. Details about thelaser system and the experimental area at KPSI can be found in subsection 3.1.4 and sub-section 3.2.2. The detailed experimental setup of this study is illustrated in Figure 5.1.P-polarised laser pulses with 10 J on-target energy and 45 fs FWHM duration were fo-
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Figure 5.1: Illustration of the experimental setup at KPSI. The J-KAREN-P laser wasfocused by an f / 1.4 off-axis parabola (OAP) onto Formvar films at 45∘. Acceleratedparticles were detected spatially by two radiochromic film (RCF) stacks and spectrallyby two Thomson Parabola Spectrometers (TPS) oriented at 0∘ and 45∘ with respectto the laser axis. When RCFs are not used, a ground glass screen diffusely scatteredtransmitted laser light for detection by a filtered CCD camera. The temporal intensitydistribution of the laser pulse was measured by a suite of scanning and single-shotdetectors.
cused by an f / 1.4 off-axis parabola onto Formvar targets placed at 45∘ to the incidentlaser. The thickness of the Formvar plastic foils (c.f. section 3.3) ranged from d = 20nmto 1000nm. The FWHM focal spot diameter was ≈ 1.5μm, resulting in a laser peak in-tensity of (3.5 ± 0.5) × 1021Wcm–2 [283]. The laser was used with inherent contrast, i.e.without a contrast enhancing plasma mirror system. The temporal intensity contrast ofthe J-KAREN-P laser is shown in Figure 3.7. Laser light transmitted through the target wasscattered off ground glass screens placed ≈ 50 cm behind the target and then imagedonto a bandpass filtered (800nm ± 25nm) and calibrated camera.Two Thomson Parabola Spectrometers (TPS) positioned at 0∘ and 45∘ with respectto the laser axis measured the proton and ion energy spectra. BAS-SR Fujifilm imagingplates were used as particle detectors inside the TPS. Over the whole thickness rangeinvestigated, the prominent light ion species had Z / A = 0.5. Considering the targetcomposition, this is dominated by C6+ with a contribution fromO8+ and therefore labelledas carbons for simplicity. Two RadioChromic Film (RCF) stacks were used to measurethe spatial distribution of the proton beam. They were placed behind the target, onealong the laser axis and the other along the target normal at a distance of 100mm and
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60mm, respectively. The RCF enabled discretised energy detection in the full openingangle between laser forward and target normal direction. The XR-RV3 films [310] were70mm×70mm in size, with a horizontal slit through the centre to enable simultaneousmeasurement with the TPS.

5.3 Experimental results

The maximum energies per nucleon Em of the two dominant ion species (protons andC6+) together with the transmitted 1ω laser light energy εtrans as a function of initial targetthickness d are plotted in the left panel of Figure 5.2. An optimal thickness dopt ≈ 250nm

Figure 5.2: Experimental results using the J-KAREN-P laser. The left panel shows themaximum proton and carbon energies per nucleon Em recorded on the TPS detectorsfor different target thicknesses, together with the corresponding transmitted 1ω laserlight energy εtrans. Over 50 shots are included over the entire thickness range. Errorbars represent the standard deviation and stars show the maximum Em in each thick-ness bin. Circles show the corresponding Em and εtrans values from 3D PIC simulations.The right panel shows a comparison of maximum ion energy Em measured on the TPSat 0∘ and 45∘ for protons and carbon ions.
can be detected, where energies of both ion species reach a maximum (Em,p > 60MeVfor protons and Em,c > 30MeVu–1 for carbons). Thinner or thicker targets result in lowerenergies for both species. For d < 700nm the most energetic particles were measuredby the 0∘ TPS, whereas for d > 700nm particles were only observed in the 45∘ TPS as canbe seen in the right panel of Figure 5.2. The amount of transmitted light also indicates aclear thickness dependency. Targets with d > 300nm show a constant and nearly neg-
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ligible amount of transmitted light (εtrans < 30mJ ≃ 0.3% input energy), while transmis-sion increases exponentially for thinner targets, reaching εtrans ≫ 500mJ (> 5% of inputenergy) for d < 200nm. This sudden increase in transmission for target thicknesses be-tween 200nm and 300nm indicates a pronounced decrease in the peak density of thetargets at the arrival of the main pulse. There is a clear correlation between the onsetof transparency and a dramatic increase in the generated beam energies. However, forvery thin targets with high transmission, the ion energy reduces again. The measurablebut relatively low transmission for optimum ion energies indicates an efficient conversionof laser energy in the transparent but still dense target.Full-beam energy spectra deconvolved from RCF stacks for three representative shotsat different target thicknesses are shown in Figure 5.3. Targets which are either highly

Figure 5.3: Proton spectrum from RCF. Reconstructed particle spectra from RCFmea-surements, combining both RCF stacks, for an exemplary shot with initial target thick-ness of 60nm, 250nm and 550nm, respectively.
transmissive (d = 60nm) or opaque (d = 550nm) show a similar spectral shape and
Em,p ≈ 35MeV. In contrast, for d = dopt , there is an increase in both cutoff energy,to Em,p ≈ 60MeV, as well as particle flux at high energies, while maintaining a thermalspectral shape.An example of the energy dependent spatial-dose distribution of protons generatedat the optimum target thickness (d = 250nm) is shown in Figure 5.4, together with asynthetic spatial beam profile derived from simulations (discussed in section 5.5). Lowerenergy protons (9MeV) show a confined round beam profile along the target normaldirection with a low flux divergent emission evident along the laser axis. With increas-ing particle energy, the beam profile centre shifts towards the laser axis, with significantspatial structure apparent. At the highest energies (e.g. 52MeV), the beam is directedprimarily along the laser axis. This observation of the most energetic protons propagat-ing closer to the laser axis is consistent with TPS data, showing significantly higher ener-gies along laser axis than target normal for targets d ≈ dopt (c.f. Figure 5.2). Conversely,for the thickest targets where laser transmission is negligible, no protons are observedalong the laser axis. The TPS also confirm that the beam direction dependence on targetthickness is identical for accelerated carbon ions. This change in beam directionality andshape, correlated with the increase in transmitted light, suggests a strong influence onthe acceleration mechanism due to relativistically induced transparency.

5.4 Laser-induced breakdown and target pre-expansion

Understanding the pre-expansion of the target is essential for elucidating the high in-tensity laser-plasma interaction at the peak of the pulse. Laser light preceding the main
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Figure 5.4: Spatial proton beam profile. Left: Experimental data (same shot as purpleline in Figure 5.3) giving dose (Gy) from RCF at different Bragg peak energies. The greyshaded area indicates regions not measured by the RCF. Right: Synthesised profilesfrom3DPIC simulations, giving the number of particles per steradian over the indicatedenergy range. The ring feature from 9–14MeV is due to the small simulation box size,which artificially limits the transverse extent of the sheath at the rear surface.
pulse ionises and heats the target, resulting in significant target decompression beforethe arrival of the peak of the pulse. This effect on the target density is illustrated on theleft in Figure 5.5. Changing the initial target thickness therefore varies not only the areal

Figure 5.5: Left: Illustration of target expansion and density modification before mainpulse arrival. Right: Pulse length dependent ionisation intensity and damage intensityfor Formvar foils of 50nm and 300nm thickness, respectively.
density, but also the peak density of the target interacting with the main pulse.
The experiments in this chapter used Formvar, a transparent dielectric material witha high band-gap. For such a material, the absorption of laser light is negligible until itis ionised by Laser-Induced Breakdown (LIB) [341, 342]. After LIB, free electrons ab-sorb laser energy at the target front surface, leading to ablation and the generationof a shockwave propagating into the target. For sufficiently thin targets, the shock can
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break through the back of the target, causing a reduction of the core density before themain pulse arrival. Identifying the precise timing, when the preceding laser light, eitherpre-pulses, the coherent pedestal or Amplified Spontaneous Emission (ASE) (c.f. sub-section 3.1.2) trigger LIB is therefore crucial. This moment marks the onset of targetexpansion and pre-plasma generation.A separate PhD project [343] determined the threshold values for LIB for differentpulse lengths and target materials. This also included 300nm ± 50nm Formvar foils,which were irradiated using the DRACO-PW laser and an optical probing setup for vi-sual target inspection. Similar experimental measurements have been conducted byHaffa et al. [341] and Wang et al. [344]. The results of the measurements at DRACO-PWand the results from Wang et al. are shown on the right of Figure 5.5. A comparison ofthose values with the measured temporal contrast of the J-KAREN-P and the DRACO-PW laser under similar conditions (attenuated beam) is shown in Figure 5.6. For both

Figure 5.6: Comparison of temporal intensity contrast measurements. Experimen-tal results from scanning third-order auto-correlator (Sequoia and SequoiaHD fromAmplitude) measurements of J-KAREN-P (solid orange line) and DRACO-PW (solid blueline) laser pulse contrast up to –500ps (left panel) and up to –105ps (right panel) be-fore the main peak. The intensity during the rising edge of the coherent pedestal at–67ps reaches the threshold for laser induced breakdown of ps pulses (dashed purpleline). The similarity of the contrast levels between both laser systems implies a similarpre-pulse driven plasma expansion.
laser systems, the ASE level < –100ps is significantly lower than the relevant LIB thresh-old [344] as seen in the left plot. Moreover, there are no pre-pulses with intensitiessufficient for LIB prior to –70ps. The right plot of Figure 5.6 indicates, that the intensitylevel of the coherent pedestal reaches the LIB threshold between –70ps and –65ps.It should be noted, that different dielectrics or metal targets would be affected bythe preceding light differently due to different breakdown times and material proper-ties [344]. The importance of understanding this process in elucidating the high intensitylaser-plasma interaction motivates detailed material dependent studies of the LIB pro-cess in comparison with high dynamic range, full-power measurements of the temporalcontrast.

5.5 Elucidating ion acceleration in the relativistically induced
transparency regime

To consider the effect of the preceding laser light and target expansion, a two-stagesimulation method was implemented, involving hydrodynamic simulations of the low-
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intensity rising edge after LIB followed by 3D Particle-In-Cell (PIC) simulations of the finalhigh-intensity ramp and main pulse using the FLASH and EPOCH codes respectively.
5.5.1 Details on simulation methodology

The FLASH code (v4.6.2) [345] is used in 2D cylindrical geometry with adaptive meshrefinement and models the absorption of the preceding laser light using ray tracingcoupled to an inverse bremsstrahlung heating model. Wave effects, such as resonanceheating, are not included, which may slightly underestimate the heating absorption rate.However, a small uncertainty in absorption does not make a significant difference insimulations which vary laser intensity over many orders of magnitude. A tabulated For-mvar EOS was generated using the FEOS code [346]. The resultant density profile at1 ps before the main pulse arrival was used to initialise the 3D PIC simulations of thehigh-intensity interaction.The main pulse interaction were modelled using EPOCH 3D (v4.17) [347]. A simulationbox of 30μm×25μm×14μmwas simulated with a spatial resolution of 20nm×40nm×40nm, where the highest spatial resolution was along the laser propagation direction.The cylindrically symmetric density profile from the FLASH simulation was mapped into3D and used as the initial density profile, assuming full ionisation and no species separa-tion. 14 electrons, 8 carbon/oxygen ions and 8 protons were initialised per cell. Densityregions with a fully ionised density below 1nc were removed during initialisation. Thelaser was focused to a Gaussian spot (1.5μm FWHM) on the front surface of the targetin p-polarisation, with a peak intensity IL = 4×1021Wcm–2. The temporal intensity profilewas matched to an average single-shot measurement from the SRSI-ETE diagnostic.It should be mentioned, that the wide range of laser intensities and target conditionspresent during the interaction with the preceding laser light poses challenges for currentmodelling techniques. Hydrodynamic codes often use oversimplified models for laserheating and the behaviour of the low temperature solid bulk before target decompres-sion. Especially the rising edge of the laser pulse traverses an intensity range between1015Wcm–2 to 1017Wcm–2 where the target is still relatively cold, but non local heatingcan become important.
5.5.2 Simulation results

The variation in Em and εtrans with changing d from the two-stage simulations is shownoverlaid (circles) on the experimental data in Figure 5.2. There is good agreement withthe experiment over the entire thickness range. The simulations accurately recreate theoptimum target thickness and maximum ion energies. The plotted simulation data givesthe maximum energy in any angular direction, whereas the TPS measurements are re-stricted to 0∘ and 45∘. For simulations of targets with d > dopt the highest energies wereoften found between laser axis and target normal and the simulations show that theplasma remains opaque throughout the interaction. There is high laser absorption intoelectron kinetic energy, and this drives large diffuse thermally driven sheath fields onthe rear side of the target. No significant transmitted laser light is observed, and thereis no contribution of relativistic transparency to the ion acceleration. On the other hand,when targets are too thin, for example d = 60nm, the target is already well below theclassical critical density by the peak of the pulse. There is still significant absorption inthe target, as electrons are injected from the periphery of the relativistic plasma apertureinto the strong laser fields [168]. The accelerated electrons again contribute strongly towidespread thermally driven diffuse sheath fields, but the ion density in the target rem-nants is too small to generate the larger amplitude localised space charge field.
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In the following, the ion acceleration process for the optimal initial thickness dopt =250nm and the main pulse interaction with the pre-expanded plasma is discussed indetail. During the final rising edge of the pulse, laser energy is strongly absorbed by astill opaque plasma. The high intensity of this rising edge results in a strong v×B radiationpressure, accelerating electrons in bunches along the laser axis. Thereby, energetic elec-trons generate sheath fields, accelerate ions and cause a rapid expansion of the target. A2D slice from the simulation at the peak of the pulse is shown in Figure 5.7a. As shown by
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Figure 5.7: Plasma density from 3D PIC simulations for expanded target. a 2D slice(z = 0) of Ey , ⟨Ex⟩ and carbon/proton density (ncar , np normalised to nc) for a 250nmtarget at t = 0, when the peak of the pulse arrives. The solid (dashed) contours give therelativistic (classical) critical electron density. The region of strong electron expulsion ishighlighted by the green box. The inset shows the cycle-averaged space charge density
⟨ρ⟩ and ⟨Ex⟩ for a lineout through the centre of the green box, averaging over Δy =400nm. b The same 2D slices at t = 70 fs, at the end of the main pulse interaction,showing the acceleration of the separated ion species in the thermal sheath fields.

the electron density contours, the electrons in the centre of the target have been heatedand expanded such that nc < ne < ncr , and the laser has started to penetrate the target.The laser volumetrically interacts with target electrons, leading to strong absorption. Thisresults in electrons being rapidly expelled from the focal region by the v × B force. Asions are not significantly accelerated by the laser fields due to their lower charge-to-massratio, a region of large space charge develops in the transparent region highlighted bythe green box. This space charge is maintained by the continuous expulsion of electrons
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due to the radiation pressure of the laser. Although the electron expulsion is not com-plete, unlike total expulsion in the Coulomb explosion regime (c.f. subsubsection 2.3.3),the magnitude of the time-averaged space charge can reach ⟨ρ⟩ > 10 e nc, which resultsin a region of large cycle-averaged quasi-static electric field ⟨Ex⟩ ∼ 30 TVm–1, with a spa-tial extent of ∼ 500 × 500 × 500nm3 (see inset in Figure 5.7a). Unlike the break-outafterburner regime [133, 154], there are no apparent low-frequency electrostatic wavestructures resonant with the accelerated ions. However, the ions experience an oscillat-ing longitudinal field Ex as the forward moving relativistic electron bunches pass throughthem, without gaining net energy. Due to their higher charge-to-mass ratio, the protonshave started to separate from the more abundant carbon ions, but they are still bothpresent in the region of strong ⟨Ex⟩. Additionally, there is a weaker ⟨Ex⟩ apparent overa large extent at the target rear. These are characteristic pre-thermal sheath fields [30]along the long density scale lengths at the rear surface sustained by electron pressure,differentiating it from the stronger localised field due to radiation pressure sustainedelectron expulsion. After the end of themost intense part of the laser pulse, accelerationcontinues in a thermal sheath field of significantly lower intensity. Complete ion speciesseparation becomes prominent due to the faster velocity of the protons, as shown inFigure 5.7b. At this point, the bunching of the forward accelerated protons and ions re-sults in two distinct sheath fields around each species, with ⟨Ex⟩ < 10 TVm–1.
Particle tracking reveals that the most energetic carbons and protons originate from theregion of strong electric field generated by electron expulsion in the ion core during RIT.The time history of the kinetic energy of exemplary proton and carbon ions is given inFigure 5.8a, along with the cycle-averaged electric field driving the acceleration. The ions

Figure 5.8: Plasma density from 3D PIC simulations. a Time history of kinetic energy
Ei (red) and local electric field ⟨E⟩ (blue) experienced by exemplary proton (solid lines)and carbon ion (dashed). b Time history of ⟨Ex⟩ along x lineout through the region oflargest accelerating gradient, with overlaid trajectory of the same proton and carbonion. The solid black line shows the ncr contour. Black dashed lines indicate the time ofthe two snapshots in Figure 5.7.

are accelerated by strong fields up to ⟨E⟩ ≥ 20 TVm–1 around the peak of the pulse.These are the fields sustained by the electron expulsion, and they provide a significantkick to the ions. The relative time offset between the peak of the field experienced bythe proton and carbon is due to an offset in starting position of the selected particles,as the laser sustained space charge moves along with the expanding ions. Figure 5.8bshows a waterfall plot of ⟨Ex⟩ along a line through the centre of acceleration (z = 0,
y = 0.7μm) as a function of time, overlaid with the ncr contour. The strongest field isgenerated near the peak of the pulse (t = 0), just after the onset of transparency. Asthe target ions are accelerated forwards, the laser sustained space charge also movesforwards, decreasing as the ion density decreases. The ions in this region are thereforein a moving potential, increasing their energy gain. Eventually, at t ≈ 20 fs, both the ion
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density and the laser pressure have decreased to such an extent that a strong localisedfield is no longer apparent above the thermally driven sheath. After this point, the ionscontinue to be accelerated by the ambient sheath fields. The ions which received thelargest velocity kick from the laser-sustained space charge record a further energy gain asthey are accelerated through weaker sheath fields E < 10 TVm–1, as seen in Figure 5.8b.Therefore, at d ≈ dopt , the majority of the most energetic ions are accelerated by ahybrid mechanism - a swift acceleration due to laser-driven electron expulsion in thedense transparent plasma core followed by further acceleration in the diffuse sheath.Spatial proton beam profiles are shown in Figure 5.4. These synthetic RCF layers weregenerated from the simulated particle distribution, assuming ballistic motion after theend of the simulation. Similar to the experiment, the lower particle energies show adominant emission towards the target normal direction, which is caused by protons ac-celerated by the diffuse sheath at the periphery of the target at radii larger than the laserfocal spot size. This beam is limited to energies < 20MeV. For higher particle energies,the target normal beam is not seen. Instead a divergent and diffuse particle beam isobserved directed predominantly along the laser axis.

5.6 Acceleration in the RIT regime for modified temporal
contrast.

The previous section demonstrated that the key to maximising the ion energy is targetexpansion in such a way, that ne = ncr is reached uponmain pulse arrival. Consequently,the optimal initial target thickness dopt is expected to dependent on both the temporallaser contrast, which determines the maximum target density, and the laser intensity,which affects the electron heating and therefore the density required for transparency.To investigate this dependency of the RIT regime further, the previously described ex-periment was repeated using the DRACO-PW laser.TheDRACO-PW laser system atHelmholtz-ZentrumDresden-Rossendorf (HZDR) hascomparable laser parameters to the J-KAREN-P laser and is therefore ideally suited forsuch a complementary study. In particular, the temporal contrast on the multi-ps timescale is very similar on both systems as can be seen in Figure 5.6. A detailed comparisonbetween the two laser systems reveals, that the temporal intensity distribution after LIBat≈ –67ps is almost identical. Therefore, the subsequent plasma expansion is expectedto be similar in both experiments. The focussed laser peak intensity is also comparable,although slightly higher at DRACO-PW (IL ≈ 5 × 1021Wcm–2). Additionally, there is anoption for on-demand contrast improvement using a single-shot Plasma Mirror (PM),enhancing the contrast level by almost four orders of magnitude (c.f. section 4.3). ThePM essentially limits the plasma dynamics to the last picosecond before the main pulsearrival and significantly suppresses target pre-expansion. This enables two different pre-plasma conditions to be realised.
5.6.1 Experimental setup using the DRACO-PW laser

The setup at DRACO-PW used an identical target irradiation geometry as the J-KAREN-Pexperiment and similar diagnostics, allowing for comparable measurements. A detailedillustration of the experimental setup at DRACO-PW is shown in Figure 5.9. Laser pulseswith an on-target energy of 17.6 J (without PM) or 18 J (with PM) were focused by an f / 2.390∘ OAP to an FWHM spot size of (≈ 2.6μm), yielding a peak intensity ≥ 5×1021Wcm–2.The intense laser pulses irradiated Formvar foils in a thickness range from d = 20nmto 400nm at an incidence angle of 45∘ with p-polarisation. The temporal contrast was
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Figure 5.9: Illustration of the experimental setup at HZDR. Laser pulses from theDRACO-PW are focused by an f / 2.3 off-axis parabola (OAP) onto thin plastic foil tar-gets. The kinetic energy distribution of the accelerated protons was measured by twoThomson parabola spectrometers (TPS0 and TPS45 positioned at 0∘ and 45∘ with re-spect to the laser propagation direction). An imaged scintillator screen or RCF stackswere used to characterise the spatial proton beam distribution. Laser light transmittedthrough the target was collected by a ceramic screen. A suite of scanning and single-shot detectors measured the temporal intensity distribution of the laser.

characterised by picking off a fraction of the incoming laser beam and sending it to thelaser metrology bench. There, identical measurement methods and instruments (TOAC,SPIDER, SRSI-ETE) as at J-KAREN-P ensured comparability of the results. A ceramic screenplaced in the laser propagation direction collected the transmitted laser light. Two TPS,positioned at 0∘ and 45∘ measured the proton and ion spectra of the accelerated par-ticle beam. For selected shots, a stack of calibrated RCFs was inserted 55mm behindthe target allowing for proton beam profile characterisation, absolute particle numbercalibration and complementary maximum energy detection. A scintillator-based beamprofiler provided spatially resolved measurements for proton energies > 40MeV.

5.6.2 Experimental results using the DRACO-PW laser

The maximum proton energies Em,p and the amount of transmitted 1ω light εtrans as afunction of initial target thickness d are shown in Figure 5.10. When the PM is not applied,an optimum thickness is observed for dopt ≈ 230nm. The target thickness dependencyclosely matches the J-KAREN-P experiment and also the maximum proton energies arecomparable, albeit with a slightly higher maximum energy Em,p ≈ 70MeV which can beattributed to the slightly higher peak intensity of DRACO-PW. The thickness dependencyof εtrans is also similar to the previous observations at J-KAREN-P. While thicker targetshave a low and almost unvarying amount of transmitted light, there is a rapid increase intransmission at d ≈ dopt . For decreasing target thicknesses, εtrans continues to increasewhile Em,p decreases. The agreement of these experimental key parameters indicatesthat the target was in a similar pre-expanded state as described for the J-KAREN-P ex-periments. The striking similarity of the results from two different laser facilities withsimilar temporal contrast implies robustness of the acceleration scheme.
In a next step, the PM was integrated to the setup, and the target thickness scan wasrepeated. Between 115nm and 360nm, a plateau-like region can be identified wherealmost no transmission occurs and Em,p ≈ 55MeV. As before, there is a region of optimalacceleration performance, where the proton energies reach their highest values Em,p =
88 5 Enhanced ion acceleration in the relativistic transparency regime
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Figure 5.10: Experimental results studying pre-expansion influence. Maximum pro-ton energy Em,p (blue squares) and transmitted 1ω light εtrans (red squares) for differenttarget thicknesses d from experiments at DRACO-PW. The proton energy data from theJ-KAREN-P experiment (orange squares) is included for comparison. The error barsrepresent the standard deviation of the plotted mean values, stars represent maxi-mum values of Em,p. Green circles and triangles show reference Em,p and εtrans from3D PIC simulations. Results for inherent and plasma mirror cleaned temporal contrastare shown in a and b respectively.

76MeV and the amount of transmitted light slightly increases to ≈ 0.5 J. Compared toexperiments without PM, the optimum thickness is reduced to dopt ≈ 65nm. Targetswith d < dopt show significant amounts of transmitted light (up to 1.6 J ≃ 9% of inputenergy) and a reduction in Em,p.

5.6.3 Simulation results for modified temporal contrast

The influence of the preceding laser light on the simulation results of the key parameters(maximum energy of protons Em,p and carbons Em,c as well as the transmitted 1ω laserlight energy εtrans) is shown as a function of target thickness d in Figure 5.11a. Opencircles represent data obtained from simulation including the preceding laser light, whiletriangles show the simulation results when the preceding light is ignored.Simulations without preceding laser light started 50 fs before the peak of the pulseand used an unexpanded target density, i.e. omitting a hydrodynamic simulation. The re-maining simulation procedures were consistent with those outlined in subsection 5.5.1.The simulations without preceding laser light show a significant reduction in optimumthickness to ≈ 100nm, as well as a slight increase in Em compared to the simulationwhere the preceding light is considered. Overlaying the simulation results with the ex-perimental data reveals a clear agreement, as can be seen in Figure 5.10. This agreementdemonstrates that the implementation of the PM confined the plasma dynamics to thelast picosecond before the main pulse arrival. This result also aligns with the experimen-tal observations in chapter 4.
The impact of the preceding laser light on the plasma density distribution is illustrated
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Figure 5.11: Modelling target pre-expansion. a Maximum carbon and proton ener-gies Em and transmitted laser energy εtrans as a function of target thickness d fromsimulations including (dotted/circles) and excluding (dashed/triangles) the precedinglaser light. Simulations without preceding laser light started 50 fs before the peak ofthe pulse. b Electron density ne lineouts 35 fs before main pulse arrival for differenttarget thicknesses and considering the preceding laser light. While for d = 250nmand d = 500nm ne is still overcritical, the target gets transparent for d = 60nm, re-sulting in electron bunching.

in Figure 5.11b, showing the simulated electron density from a lineout through the cen-tral axis of the target 35 fs before laser peak arrival for three initial target thicknesses.For the thickest target, d = 500nm, although displaying a reduction in peak density andformation of significant scale lengths on the front and rear surface, the core density stillgreatly exceeds the roughly estimated relativistic critical density of the peak of the pulse
ncr ≈ a0,peaknc, where a0,peak is the normalised vector potential at the peak of the pulseand assuming an electron γ ≈ a0 for a0 ≫ 1. The ensuing intense laser-plasma interac-tion is therefore with a fully opaque plasma. For d = 250nm, although still opaque atthis stage, the peak density is very well matched with the estimated ncr at the peak of thepulse, implying a relativistically transparent interaction. However, for the thinnest target
d = 60nm, bunching at the laser frequency is observed even before the peak of thepulse. The target centre is already transparent, with time-averaged densities lower thanthe classical critical density. This demonstrates that a combination of adjusting the tar-get thickness and utilising the preceding laser light provides a method to prime plasmafor RIT.
Evidently, including the preceding laser light is essential to accurately model the targetexpansion of the experiment and to predict the target density distribution at the arrival ofthe main pulse. A detailed analysis of the simulations neglecting the preceding laser lightshows similar plasma and field dynamics to the optimised pre-expanded target, whichwas described in subsection 5.5.2. This similarity can be seen in Figure 5.12, which showsthe particle tracking results, and Figure 5.13, which shows the analysed 2D slices of thesimulation for the optimal target thickness, assuming no target pre-expansion. Particletracking of the most energetic carbons and protons reveals several similarities to the ionacceleration in the pre-expanded scenario (c.f. Figure 5.8). Figure 5.12a shows the timehistory of the kinetic energy of an exemplary proton and carbon ion, along with the cycle-averaged electric field driving the acceleration. The dominant acceleration contributionfor both ion species are the strong space charge fields up to ⟨E⟩ ∼ 60 TVm–1 around thepeak of the pulse. These space charge induced fields are significantly stronger than inthe pre-expanded scenario. On the other hand, the influence of the sheath field later inthe interaction is slightly lower, and the overall energy gain of the ions is dominated bythe fields around the peak of the pulse. The waterfall plot in Figure 5.12b also underlinesthat the strongest ⟨Ex⟩ fields are generated shortly after the main pulse has hit the target
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Figure 5.12: Particle tracking for simulations without preceding light. a Exampleof energy history (red) and local electric field (blue) ⟨E⟩ at the particle location for atypical energetic proton (solid lines) and carbon ion (dashed). b Time history of ⟨Ex⟩ ina lineout along x through the centre of the region of largest accelerating gradient, withthe trajectory of the same proton and carbon ion overlaid. The black line shows therelativistically critical contour.

and RIT occurred. Notably, the position of the sheath field is shifted for such ultrathintargets, making it difficult to distinguish between the different acceleration components.The electron density contours show again, that electrons in the centre of the target havebeen heated and expanded such that nc < ne < ncr , and that the laser has started topenetrate the target. Similarly, the volumetric interaction between laser and electronsleads to a strong space charge in the transparent region highlighted by the green box.The magnitude of the time-averaged space charge can reach ⟨ρ⟩ > 10 e nc, resulting ina region of large cycle-averaged quasi-static electric field ⟨Ex⟩ ∼ 50 TVm–1 (c.f. inset inFigure 5.13a). Eventually, this space charge field is even higher than in the expandedtarget scenario. Protons have started to separate from the more abundant carbon ionsdue to their higher charge-to-mass ratio. However, both species are still present in theregion of strong ⟨Ex⟩.Figure 5.13b shows the same 2D slice 70 fs after the most intense part of the laserpulse has passed. Ion acceleration still continues at this point in a thermal sheath field,with significantly lower electric fields. The absolute field strength and the energy gaincontribution of the thermal sheath field contribution is in the unexpanded case clearlylower than previously discussed (c.f. subsection 5.5.2). Complete ion species separationbecomes prominent due to the faster velocity of the protons and the bunching of thetwo particle species results in two distinct sheath fields around each species, with ⟨Ex⟩ <10 TVm–1.

5.7 Conclusions

The results of this chapter demonstrate that relativistic transparency occurring at thepeak of an ultrashort laser pulse is strikingly beneficial for plasma-based ion accelera-tion. This is similar to what has been observed at experiments using glass lasers withlower intensity and longer pulse durations, where volumetric laser heating [130] or hy-brid RPA-TNSA [139] results in higher ion energies. All these scenarios share similar ex-perimental phenomenology, includingmeasurable laser transmission through the targetand highest ion energies when target transparency is timed to the peak of the pulse. Thenovel aspect of this study lies in the ultrashort laser pulse duration and that the highestaccelerating gradients arise from significantly higher space charge fields resulting fromelectron expulsion from the relativistically transparent target core.The RIT-enhanced acceleration mechanism described in this chapter represents a
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Figure 5.13: Plasma density from 3D PIC simulations for unexpanded target. a Ey ,
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promising avenue for application-oriented ion acceleration to high energies. In contrastto recent efforts utilising single- or double-stage plasma mirrors to enhance the tempo-ral contrast, the results of this chapter demonstrate how the preceding laser light canbe used to prime the target for transparency upon main pulse arrival. This not only sig-nificantly reduced the complexity, size and cost of the ion source but also removed oneof the limits to continuous high repetition rate operation. The required target thickness,a few hundred nanometres, improves robustness compared to ultrathin (d ∼ 10nm)or specially designed near-critical density targets required for light sail acceleration atthe same intensity range, which are easily damaged during handling, pump down or bypreceding shots on the target system.The investigations on different preceding laser light conditions revealed that the tem-poral intensity contrast of the laser is the most important factor for determining theoptimal target thickness for this regime. The laser contrast determines the target den-sity at the peak of the pulse for a given target thickness, whereas the laser peak intensitydetermines the density required for RIT.
In summary, this chapter investigated ion acceleration from the interaction of ultrashortlaser pulses with thin plastic foils and identified an optimal target thickness for accelera-tion of protons and carbon ions in the RIT regime to energies > 60MeV and > 30MeVu–1,respectively. The preceding laser light was found to play an essential role in priming theplasma density for the onset of relativistic transparency upon arrival of the main pulse.Using a laser with enhanced temporal contrast reduced the optimal target thicknessand slightly improved the maximum proton energies. The highest energetic ions wereaccelerated by strong space charge fields generated by expulsion of electrons duringRIT, followed by a further energy gain in an ambient sheath field.The reproduction of the experimental results at two different laser facilities under-lines the robustness of the acceleration regime, and a comprehensive understandingand control of the laser and target parameters. The fact that plasma mirrors and ultra-thin nanometre scale targets are not required for high-energy ion acceleration impliesthat this acceleration scheme is suitable for already existing high-power lasers deliveringultrashort pulses. This conceptual breakthrough establishes a path towards the devel-opment of ∼ 100MeV class repetitive ion sources using currently available laser tech-nology.
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6 Ion acceleration beyond the
100 MeV frontier from cascading
acceleration schemes

This chapter reports on experimental and simulation results of proton acceleration fromthin plastic targets, reaching kinetic energies beyond 100MeV. This study was conductedas a follow-up to the experimental results described in chapter 5. Based on these find-ings, the initial target thickness was chosen to ensure the interaction of the laser mainpulse with a near critical target, due to the pre-expansion of the target early in the in-teraction. The experimental setup was further optimised to allow angularly resolvedhigh-energy protons to be measured simultaneously with multiple detectors based ondifferent detection methods.The results demonstrate the capability of laser-driven plasma accelerators to generateproton beams with a spectrally separated high-energy component, reaching maximumenergies up to 150MeV. Target transparency was identified as a simple control parame-ter for determining the high-performance domain, showing sensitivity to subtle changesin the initial laser-target conditions. Simulations considering the complete interaction,from the picosecond-long pre-expansion of the target to the proton acceleration duringthe high-intensity laser pulse, reveal that multiple known acceleration regimes cascadeefficiently at the onset of Relativistically Induced Transparency (RIT). The ultrashortpulse duration facilitates a rapid succession of these regimes at highest intensity, leadingto the observed beam parameters and enabling proton acceleration to unprecedentedenergy levels. The results of this chapter led to the publication of TZ1.

6.1 Introduction

A central emphasis within the research field of laser-driven ion acceleration is to in-crease the achievable proton energies, in particular to exceed the 100MeV frontier.Historically, record-breaking proton energies have been achieved primarily with large-scale, high-energy laser systems, irradiating micrometer-thick foil targets [4, 139, 316,348]. Ion acceleration was thereby achieved through the Target Normal Sheath Accel-

eration (TNSA) mechanism, wherein laser energy is converted into hot electrons thatinitiate a plasma expansion process (detailed in subsection 2.3.1). The effectiveness ofthis mechanism is primarily enhanced by increasing the laser energy coupled into theplasma [18]. High-energy laser systems are capable to produce laser pulses with hun-
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dreds of joules energy, but are limited by their repetition rate of a few shots per day.Furthermore, the constrained access and availability of these facilities and laser systems,make it almost impossible to translate laser-driven ion beams towards applications.Advanced acceleration mechanisms are conceptually different to TNSA and drive ionsin a more coherent manner with a more favourable scaling with laser energy (detailedin subsection 2.3.2 and subsection 2.3.3). Such advanced concepts enabled compacthigh-intensity laser systems with ultrashort pulses and significantly reduced laser pulseenergies of a few joules, to achieve comparable acceleration performance levels [28,29, 127, 349]. These laser systems also posses the capability to operate at relativelyhigh repetition rates (> 1Hz), an important prerequisite for practical applications and forconducting studies that rely on statistical methods.In the past, numerous advanced acceleration mechanisms have been explored and re-fined through numerical simulations under idealised conditions. However, transferringthese theoretical concepts to practical experimental conditions has posed considerablechallenges to the field. The scarcity of experimental data for isolated advanced mech-anisms reflects this fact. Furthermore, the coexistence of multiple acceleration mech-anisms under typical experimental conditions can lead to ambiguous signatures. Iden-tifying the optimal combination of mechanisms to efficiently exploit the laser-inducedacceleration fields is therefore an important, albeit complex, endeavour.Previous research has shown that plasma acceleration is enhanced when the laser mainpulse arrival coincides with the onset of target transparency, allowing multiple accelera-tion regimes to take place [103, 130, 133, 146, 153, 157]. This approach further promisesto optimise the parameters of the accelerated particle, including energy and direction-ality. The recent accomplishment of near-100MeV proton energies by a transparency-enhanced hybrid RPA-TNSA scheme illustrates this high potential [139]. The point atwhich the initially opaque target becomes transparent to the laser is termed onset ofrelativistic transparency [169], occurring when the plasma frequency drops below thelaser frequency due to the relativistic mass increase of the electrons (detailed in subsec-tion 2.1.3).Experiments typically use laser pulses with non-perfect temporal contrast, causing thesolid-density foil targets to expand due to laser light that precedes the main laser pulse.Consequently, the core density of the target may approach the onset of RIT upon mainpulse arrival. Experimental studies investigating plasma acceleration at the onset of RITrequire the determination of the optimal initial target thickness according to the specificinteraction parameters of the laser system used. To achieve this, the initial target thick-ness was varied over a wide range and the acceleration performance was compared tonumerical simulations. An optimum target thickness between 200nm and 300nm wasfound, where the expulsion of electrons from the bulk of the target resulted in extremelylocalised space charge fields. These findings, discussed in detail in the previous chap-ter 5, provide the basis for both the experimental setup and the subsequent analysisdescribed in this chapter.

6.2 Experimental setup

This experiment was performed employing the DRACO-PW laser at HZDR. A detaileddescription and core parameters of the DRACO-PW laser system can be found in sub-section 3.1.3. Laser pulses with p-polarisation, ≈ 30 fs FWHM pulse duration and a max-imum laser energy of 22.4 J were sent to the experimental area. Figure 6.1 illustrates theexperimental setup. Laser pulses from the DRACO-PW system were focused by an f / 2.3off-axis parabola (90∘) to an FWHM spotsize of ≈ 2.1μm, containing 32% of the totallaser energy after compression. The achievable peak intensity on target for this experi-
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Figure 6.1: Illustration of the experimental setup. Laser pulses are focused by anf / 2.3 off-axis parabola (OAP) onto thin plastic foil targets, thereby generating a plasma.The kinetic energy distribution of the ions was measured by two Thomson parabolaspectrometers (TPS15 and TPS45 positioned at 15∘ and 45∘ with respect to the laserpropagation direction) and a time-of-flight detector (TOF31 positioned at 31∘). The spa-tial distribution of protons was characterised either by an imaged scintillator screen(proton beam profiler) or by a radio-chromic film (RCF) stack. A ceramic screen in laserpropagation direction collected the transmitted laser light. The temporal intensity dis-tribution of the laser pulse was measured before the shots by a scanning TOAC andon a single-shot basis during the experiment using a SPIDER detector.

ment was ≈ 6.5 × 1021Wcm2. The temporal intensity distribution of the laser pulse wasmeasured before the shots by a scanning TOAC and on a single-shot basis during theexperiment using a SPIDER detector (details in subsubsection 3.4.2).
The laser pulses were directed onto plastic foils of 250nm ± 25nm thickness at an in-cidence angle of 50∘. The oblique incident ensured a clear distinction between acceler-ation components directed along the target-normal axis (i.e. TNSA) and along the laserpropagation direction (advanced schemes, e.g. RPA and others).
A combination of multiple detectors based on different detection principles was used tocharacterise the generated particle beam and to provide robust and reliable measure-ments of the maximum particle energy. Details about the different detection methodscan be found in section 3.5.
Two ThomsonParabola Spectrometers (TPS), positioned at 15∘ (TPS15) and 45∘ (TPS45)with respect to the laser propagation direction (0∘), enabled the analysis of particle spec-tra with high energy resolution. The minimal detectable proton energy of the TPS was7MeV and the energy resolutionwas dominated by the corresponding pinhole size (TPS15:1mm, TPS45: 0.3mm), resulting in an uncertainty better than ±4%| ± 10% for a maxi-mum proton energy of 60MeV|150MeV, respectively.

Another particle detectionmethod was realised by Time-Of-Flight (TOF)measurements.Therefore a high sensitivity avalanche photodetectorwas placed at a distance of 4m fromthe target at an angle of 31∘ with respect to the laser propagation direction. Carbons andheavier ions were blocked by a 2mm thick copper plate just in front of the diode (thresh-old: 34MeV for protons, 64MeVu–1 for carbons). Signal read-out was provided by a fastoscilloscope (6GHz, 25GSamples s–1). The ability of the implemented TOF setup to pro-vide detailed information about particle numbers is limited by its restricted acceptanceangle. Nevertheless, the TOF remains a suitable detector for validating the maximumenergy level of the accelerated protons.
A scintillator-based beam profiler, equipped with absorbers of varying thicknesses,enabled a spatially resolved measurements of the accelerated proton beam at specificthreshold energies. Similar to the TOF, the proton beam profiler is suited to detect par-
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ticles of a certain energy level in a specific direction. For selected shots a RadioChromic

Film (RCF) stack was placed 55mm behind the target, blocking all other particle diag-nostics. Gafchromic EBT3 (size: 100mm × 50mm, dose range: 0.1Gy to 20Gy) filmsinterleaved with copper plates as absorber material were used. These copper layerswere analysed by a high-purity germanium spectrometer (GR4020 from Canberra) afterthe experiment, to detect isotopes originating from proton-neutron reactions.The transmitted laser light was collected by a ceramic screen, that was imaged onto apreviously calibrated camera to enable absolute measurements.

6.3 Experimental results

The following section presents results obtained from the experimental campaign car-ried out at the DRACO-PW laser system, using the setup outlined in the previous section.The analysis concentrates on shots executed on comparable targets without intentionalvariations in the laser parameters. The resulting changes in the ion acceleration perfor-mance, the acceleration direction and the correlation to the transmitted light are dis-cussed.

6.3.1 Analysis of acceleration performance

Figure 6.2 shows the measured maximum proton energy as a function of initial tar-get thickness (left) and transmitted laser light (right) for the different particle detectors(TPS15, TOF31 and TPS45). Each data point represents the maximum proton energy ofan individual shot. The error bars denote the systematic uncertainties in target thickness,transmitted light and maximum energy determination, respectively.The highest maximum proton energy measured in this study is 150MeV+15–11MeV at 15∘,101MeV ± 5MeV at 31∘ and 63MeV ± 3MeV at 45∘. While there appears to be noinfluence on the initial target thickness, the data clearly demonstrates a correlation be-tween the maximum energy and the transmitted light. The best acceleration perfor-mance across all spatial directions is achieved for transmission values in the range of0.5% to 3%. These values are consistent to the results of chapter 5, where best accelera-tion performance and the onset of RIT was identified at similar values of transmitted laserlight and target thickness. Higher or lower amounts of transmitted light result in weakeracceleration performance. Shots with transmission values exceeding 5% show stronglyreduced acceleration performance, leading to maximum proton energies of less than20MeV in both TPS axes. The threshold energy of the TOF detector was 34MeV, render-ing this detector unsuitable for a quantitative analysis of the minimal proton energies.The observed fluctuations in themaximumproton energy and the amount of transmittedlight can be attributed to shot-to-shot fluctuations of the detailed laser-plasma parame-ters during the entire interaction process. Particularly in tight focusing experiments withultrathin foils (like this study), even small differences in the spatial and temporal inten-sity distribution can lead to significant differences in the target pre-expansion dynamics,laser absorption and plasma-heating processes.
Figure 6.3 shows TPS15 readout images (background subtraction applied) for the fivemost energetic shots on the left, and the analysed particle spectra for the correspond-ing shots on the right. The most notable observation is the spectral constriction of theseparated high-energy component in the proton traces of the TPS15 spectra, featuringa low-energy (< 40MeV) exponential and a separated high-energy (≥ 100MeV) com-ponent. The TPS45 spectra consistently exhibit an exponentially decaying component
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Figure 6.2: Proton acceleration performance. Maximum proton energy as a functionof initial target thickness (left) and transmitted 1ω light (right). Each data point repre-sents an individual shot. Error bars indicate the precision of the target thickness, andenergy determination, respectively. The initial target thickness and the maximum pro-ton energies show no correlation, while sorting the data by transmitted light reveals aclear optimum in acceleration performance.

Figure 6.3: Proton energy spectra. Left: Background substracted and normalisedTPS15 raw images, showing the zero deflection axis (zero) and parabolic traces fromprotons (p) and ions (C6+ / O8+) for the five most energetic shots (#1 – #5). Right:TPS15 and TPS45 particle spectra (solid lines) and maximum energies (squares). Er-rorbars indicate the energy uncertainty, defined by the projected pinhole size. Thegreen arrow displays the maximum energy measured by the TOF in the 31∘ direction.
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only. TOF measurements with reduced sensitivity at 31∘ show proton energies exceed-ing those measured by the TPS45, yet remaining below those observed by the TPS15.
6.3.2 Spatial proton beam profile

The analysis of the proton beam profiler and the RCF stacks provides valuable insightsinto the distribution and concentration of proton energies across different spatial direc-tions.
Figure 6.4 shows images of the segmented proton beam profiler for multiple shots, in-cluding the high-energy shots of Figure 6.3 (labelled #1 – #5). The upper and the lower

Figure 6.4: Spatial proton beam profile: Results from proton beam profiler measure-ments for two different absorber configurations (sketched on the left) with spatiallyvarying threshold energies (40MeV, 80MeV and 100MeV respectively). The acceler-ation direction of high energetic protons is shifted towards the laser propagation di-rection, while lower energetic protons are detected predominantly in target normal di-rection. The spectrometer axes are indicated by coloured circles (TPS15-blue, TOF31-green, TPS45-orange), grey areas indicate parts without data.
row represent different absorber configurations, as illustrated by the sketch on the leftside of the figure. All presented shots show signal behind the 40MeV threshold energyabsorber. The beam profile has a ring-like intensity distribution, gradually decreasingfrom the inner to the outer regions, with a divergence of about ±15 degrees in the verti-cal plane. The absorber configuration in the top row allows to study the upper half of theparticle beam with the same threshold energy, indicating that the most intense part ofthe particle beam is not aligned with the target normal direction, but instead shifted to-wards the laser propagation direction. The entire beam profile could not be captured bythe profiler screen as the divergence of the particle beam in the horizontal plane is signif-icantly higher than in the vertical plane. However, the geometry and design of the protonbeamprofiler allowed for a parallel operation with the TPS and TOF detectors. These par-ticle detectors revealed the highest energies at 15∘ (c.f. subsection 6.3.1), which is just atthe edge of the proton beam profiler. Signal behind the 80MeV and 100MeV thresholdenergy absorbers of the profiler, as shown in the lower row for three of most energeticshots (#1, #2 and #5), is only measured between the edge of the profiler at 14.5∘ and30∘. This observation is consistent with the results from the TPS measurements.
Figure 6.5 presents the results of two analysed RCF stacks (labelled 21CD and 21CE),
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serving as representative examples for the observed high-performance shots. The an-

Figure 6.5: RCF results: Angular dose distribution for two representative high energyshots (labelled 21CD and 21CE). The right plot shows the horizontal angle under whichthe maximum dose on each energy layer of the two stacks was measured. For lowerproton energies the dose maximum is in target normal direction, while for higher en-ergies the dose maximum shift towards the laser propagation direction.
gular dose distribution was derived from lineouts along the horizontal axis covering avertical angle of 6.5∘ for each energy layer of the corresponding stack. Notably, the dosemaximum of the 35MeV - 60MeV layers of the two stacks are centred along 45∘ witha divergence of approximately ±15∘. Layers for proton energies above 60MeV showalmost no dose in this direction. In contrast, the detected dose between 20∘ and 30∘

is characterised by a significantly reduced divergence (±3∘) and persists in both stacksuntil the last available layer at 104MeV. This shift of the maximum dose of the protonbeam from the target normal (low-energy component) towards the laser propagationdirection (high-energy component), is shown in the right part of Figure 6.5.The resultsalso show, that the emission direction of the high-energy dose component (blue dottedline) varied by 10∘ just between these two shots.
The results of the proton beam profiler and the RCF stacks confirm the energy level ofthe TPS measurements and that the accelerated particle beam comprises a medium-energy (< 70MeV) broadband component in target normal direction and a spectrallyand angularly separated high-energy component with reduced divergence.

6.3.3 Nuclear activation measurement

To increase the reliability of the measured high proton energies and to validate the par-ticle species detected by the RCF, nuclear activation measurements (as introduced insubsection 3.5.5) were performed. Following the completion of the shots, the RCF stackswere extracted from the experimental setup. Due to time limitations of this detectionmethod, only a subset of copper layers within each RCF stack was scanned using a high-purity germanium spectrometer. The layers were selected in such a way that there wasstill a clearly visible signal on the subsequent RCF of the stack.As an example, the analysed copper absorber corresponding to 72MeV Bragg peak en-ergy of RCF stack 21CE is shown in Figure 6.6. The energy spectrum of the gamma raymeasurement revealed the characteristic emission lines at 548.4 keV + 596.6 keV and669.6 keV + 962.2 keV associated with the 62Zn and 63Zn isotopes, respectively. Theseisotopes originate from proton neutron reactions inside the copper absorber, requiringa minimal proton energy of 13.5MeV and 4.2MeV, respectively. The decay time of these
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Figure 6.6: Results of activation analysis: Gamma-ray decay spectrum of a copperabsorber of Stack 21CEmeasured by the germanium spectrometer after an integrationtime of 2 h and 0.25h respectively (upper row). The lower row shows the gamma-raydecay of the same absorber over time. The markers represent the measured dataand the solid line the result of an exponential fit. The analysis was done for the twoprominent 62Zn and 63Zn isotopes (left and right).
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peaks provides further evidence, that the measured gamma emissions stem from 62Znand 63Zn isotopes. These results indicate, that the reactions in the copper absorber areinduced by protons with kinetic energies > 72MeV and that the observed signal on thecorresponding RCF layer originates from protons.
6.3.4 Scaling of maximum proton energy

Figure 6.7 shows on the left the scaling of the maximum proton energy of the best per-formance shot for different laser pulse energies. A striking difference emerges for the

Figure 6.7: Scaling of best performance shots: Left: Maximum proton energies mea-sured by TPS15 and TPS45 for different laser pulse energies EL. The dotted lines rep-resent different proton energy scalings (linear and square-root) for better trend visu-alisation. Right: Transmitted laser light for the best shots, i.e. highest proton energiesfor different laser pulse energies EL.
two surveyed directions within the investigated range of laser energy. The maximumproton energies at 15∘ scale much faster with laser pulse energy than at 45∘, indicatinga fundamental change in the underlying acceleration scheme for the different directions.The energies at 15∘ reveal an almost linear relation to the laser pulse energy, while themaximum proton energies at 45∘ follow a square-root fit. The results from the previousexperiments (c.f. chapter 5) at the DRACO PW laser (ref. data DRACO [26], orange star)and the J KAREN P laser (ref. data JKP [26], orange and blue diamond) with reduced laserenergy are overlaid with the results of this study in the left plot of Figure 6.7.For all realised laser energy settings, best acceleration performance in 15∘ and 45∘ isconsistently achieved between 0.5% and 2.7% of transmitted laser light, as can be seenon the right of Figure 6.7. The blue dots represent the transmitted laser light for the bestperforming shot at a given laser energy, the error bars represent the standard deviationof the plotted mean values (red boxes). The dataset clearly shows that the initial laserpulse energy does not effect the relative amount of transmitted light, affirming that thisparameter is suited for identifying the optimal performance regime across varying laserconditions.

6.4 Numerical simulations

To investigate themicroscopic physics for the present laser and target parameters of theexperiment, a combination of 2D hydrodynamic and 3D Particle-In-Cell (PIC) simulationswere performed. The following section presents the results of these simulations anddiscusses their agreement to the experimental data. A comprehensive presentation of
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all simulation details as well as further analysis and investigations are part of a separatedoctoral thesis [336].
6.4.1 Simulation setup

The influence of the preceding laser light on plastic foil target of 270nm thickness andthe resulting expansion was simulated using the FLASH code (v4.6.2) [345] in a 2D radi-ally symmetric geometry with adaptive mesh refinement. The FLASH simulation started100ps before the laser main pulse, when Laser-Induced Breakdown (LIB) is known tooccur, up to 1ps before the laser main pulse arrival. The onset of LIB was derived us-ing the measured temporal laser contrast and optical probing studies as described inthe previous chapter and in reference [342]. The FLASH simulation used an experimen-tally measured temporal intensity profile of the laser (c.f. Figure 3.5), sampled with 256individual points for the simulation.The final high-intensity interaction was modelled using the fully relativistic PIC code PI-ConGPU [350, 351]. The PIC simulation covered the time range from 1ps before themain laser pulse reached the target until 220 fs after main pulse arrival. The simulationbox had a total size of 40μm × 54μm × 20μm and each simulation cell a dimension of20nm × 20nm × 20nm. The density profile resulting from the 2D hydrodynamic sim-ulation was rotated around its axis of symmetry and used as initial input for the 3D PICsimulation. Densities below 0.04nc were discarded to minimise the computational timeof the simulation. Each cell was initialisedwith one carbon and eight hydrogenmacropar-ticles (thus, 13 electrons in total), weighted according to the obtained density profile. Thep-polarised laser was focused to a Gaussian spot (w0 = 2.14μm) on the front surfaceof the target. The target was positioned at oblique incidence (45∘) so that the laser hitthe centre of the initially unexpanded foil. The temporal intensity profile was matchedto the measured data (c.f. subsubsection 3.1.3) by fitting two exponential ramps and aGaussian pulse (30 fs FWHM duration) with a peak intensity of a0 ≃ 50. The simulationwas performed on the JUWELS Booster cluster at Forschungszentrum Jülich [352] using900 A100-GPU’s for 35000 timesteps.

6.4.2 Simulation results & discussion

The angular proton emission distribution in the horizontal plane at the end of the sim-ulation is shown in Figure 6.8b. Highest proton energies and spectral modulations areobserved in laser propagation direction, while protons in target normal direction showlower energies and an exponentially decaying spectrum. This behaviour is illustrated inFigure 6.8a, showing the extracted particle spectra along the different directions thatexhibit a remarkable similarity to the experimental spectra in Figure 6.3. To gain deeperinsights into the acceleration dynamics during the laser-plasma interaction, a subset oftracer protons was randomly selected upon initialisation. The trajectories of these pro-tons were recorded and analysed to understand their individual acceleration based onthe respective plasma density and electric field at their position at each simulation timestep.
When the relativistic laser pulse penetrates into the expanded plasma, it gets reflectednear the front of the relativistic critical density ncr = γ nc. γ is the electron Lorentz factorand nc the classical critical density, which is defined as nc = ε0me ω

2
L
/ e2, with vacuumpermittivity ε0, electron massme, angular laser frequency ωL and electron charge e. Elec-trons at ncr are pushed into the target, thereby creating a charge separation field. Thisfield triggers different Radiation Pressure Acceleration (RPA)mechanisms such as hole-
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Figure 6.8: Simulation results revealingmultiple acceleration contributions in differ-

ent directions. a Proton energy spectra extracted from 3D PIC simulation for differentspatial directions. b Simulation results of proton emission distribution. Only protons inthe central slice of ±1μm around the symmetry plane within a vertical emission rangeof ±3∘ are shown. c Angularly resolved contribution of different mechanisms to theacceleration cascade of the fastest protons (CR: Coulomb repulsion, thermal: diffusesheath field set up by thermal and recirculating electrons, prompt: j × B acceleratedelectron bunches, FSA: target front and bulk acceleration). d Time history of the elec-tric field Ex along the propagation direction x of the most energetic tracer proton. Thetrajectory of this proton is depicted by the thick black line. The contour of the relativis-tically corrected critical density γ nc of the target is shown by the thin black line.
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boring RPA [28, 97, 139], relativistic transparency front RPA [100] or collisionless shockacceleration [102]. For the sake of simplicity, we refer to these acceleration contributionsas Front Surface Acceleration (FSA), which is mainly induced by the radiation pressureof the laser and is maintained until the expanding target undergoes RIT. The distinctionbetween acceleration happening at the target front side (FSA component) and at the tar-get rear side is made according to the position of the particle within the plasma densityprofile. FSA ends at the target rear side boundary which is defined at the position wherethe plasma density falls below the relativistic critical density γ nc.Throughout the interaction with the plasma, the relativistic laser pulse directly generateselectron bunches through the oscillating j× B term of the Lorentz force [135, 353, 354],and thermal laser absorptionmechanisms [355, 356]. The former, prompt electrons [30,357] are directed primarily in laser propagation direction and closely follow the oscillat-ing field structure of the laser. In contrast, thermal and recirculating electrons generatea diffuse sheath field at the target rear, which dominates in target normal direction. Thecharacteristic oscillation of the accelerating field, induced by the prompt electrons, al-lows distinction between proton acceleration during the interaction with the ultrashortlaser pulse at highest intensity and acceleration within the diffuse non-oscillating sheathfield, which can occur on larger spatial and temporal scales. The field oscillations in theprompt phase are detected by relative comparison with the temporally smoothed (overhalf a laser period) field evolution. The prompt phase ends when this relative differencebecomes smaller than a threshold value. Since the transition from oscillating fields to aconstant field is smooth, the choice of this threshold is somewhat arbitrary. Here, thethreshold value has been set to 1, i.e. the field energy in the oscillating field componentis half that of the constant field.
Protons reaching the highest energies were initially located close to the target front andsubjected to a cascade of multiple acceleration mechanisms. Figure 6.8c shows the in-dividual contributions of these distinct mechanisms to the total energy of the fastestprotons at the end of the simulation. The time history of the entire acceleration cascadefor the most energetic tracer proton is shown in Figure 6.8d. In all directions, the fastestprotons gain > 50% of their energy from either the prompt or the thermal accelerationphase, in which they were injected with ≈ 20MeV from the FSA phase. The fastest pro-tons in the 45∘ direction gain most of their energy within the thermal sheath field, whilethe most energetic protons in laser propagation direction experience a significant ac-celeration contribution due to the field induced by the prompt electron bunches. Thisfield is highest at the rear surface of the target bulk and extends throughout the rearside plasma sheath. Within the first 70 fs after the laser main pulse arrival, protons inthe rear side sheath get accelerated by this field in laser forward direction. Simultane-ously, this field prevents electrons from neutralising the charge of the escaping protonsbeyond the effective Debye length. The resulting charge separation within the sheathinduces an additional ambipolar electric field. This field affects the fast protons originat-ing from the front surface, resulting in a momentum spread that further enhances theenergy of the fastest particles. This acceleration contribution is referred to as additional
Coulomb repulsion (CR). As the prompt electrons generate the highest electron densityin the laser propagation direction, CR is particularly relevant for fast protons moving inthat direction. These protons gain > 25% of their total energy by CR, while for protonsin target normal direction CR is responsible for only 13% of their total energy. The CRphase is numerically identified to start when the proton charge in the expanding sheathstarts to exceed that of the electrons and the electric accelerating field increases withtime. The CR field then partially overlaps with the sheath acceleration field. A distinctionbetween the two components is conducted by comparing the field evolution at late timeswith an extrapolated decreasing sheath field, estimating it with a power law E(t) ∝ t–n as
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expected for TNSA. The energy gain by CR is then calculated using the temporally inte-grated difference of the actual field and the extrapolated TNSA field up to the end of thesimulation.The angular dependent spectral modulations of the proton emission distribution resultfrom the complex interplay of the various mechanisms. Typically, spectral modulationsmanifest when a part of the proton ensemble traverses field gradients localised in spaceand time. A detailed analysis of the phase space development in the simulation revealedspectral signatures of each mechanism, which all superimpose to form the spectrallyresolved angular distribution in Figure 6.8b. This includes mono-energetic features inthe RPA phase, an exponential energy distribution due to the expansion phase [183,358], ambipolar field structures at the target rear side where carbon ions and protonsundergo demixing [359], as well as strong field gradients during the CR phase [192, 358].
Despite performing state-of-the-art simulations based on detailed experimental mea-surements, assigning the present simulation to a specific shot of the experiment requiresmore precise knowledge of the corresponding interaction parameters and less numeri-cal simplifications. This necessitates progress in experimental metrology and an increasein accessible computational resources. Nonetheless, the simulation results replicate theexperimental observations for an average good shot, including the angular proton emis-sion distribution, the spectral modulation in laser propagation direction and the amountof transmitted laser light.While the observation of multiple acceleration phases is similar to previous research inthe RIT regime [130, 139, 358], the fundamental difference of this work is the role of theprompt electrons for ultra-short laser pulses and target densities at the onset of RIT.These prompt electrons facilitate efficient energy transfer from the ultra-intense laserpulse to the protons, both during and after the interaction with the laser pulse. Thedifference in proton energy scaling between the laser propagation direction and targetnormal direction can be attributed to the differently weighted contributions of hole bor-ing RPA, prompt and thermal TNSA, as well as CR. Particularly, the strong influence ofprompt electrons in laser propagation direction, characterised by a linear scaling [30],can be associated with the experimentally observed linear scaling of maximum protonenergies at 15∘. Moreover, there is an anticipated variation in the individual contributionof each acceleration mechanism for different laser-target geometries as the absorptionof the laser, electron heating, and the sheath field’s geometry are known to vary with theangle of incidence and laser polarisation. It is also plausible that several distinct combi-nations of acceleration mechanisms may result in similarly high beam energies. In anyscenario, cascades involving all observed mechanisms will persist, although their individ-ual contribution are expected to fluctuate (e.g. greater influence of RPA component atnormal incidence). Experimentally, a deeper understanding of the composition of thecascades is most likely to be achieved by investigating the plasma density distributionand the transmitted light properties both requiring complex diagnostics [160, 161, 360].

6.5 Conclusions

In summary, the results presented in this chapter demonstrate the capability of laser-driven plasma accelerators to generate proton beams with a spectrally separated high-energy component at maximum energies well exceeding 100MeV. Multiple detectorsbased on different detection principles simultaneously confirmed the experimental re-sults. This proof-of-principle achievement marks an important milestone in the fieldof plasma accelerators, paving the way towards the use of laser-driven ion sources forvarious demanding applications. Based on the experimental energy scaling, maximum
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proton energies beyond 250MeV can be extrapolated at twice the laser pulse energy,provided suitable interaction parameters for an efficient cascade of mechanisms areachieved.Target transparency was identified as a simple control parameter for determining thehigh-performance domain, owing to its sensitivity to subtle changes in the initial laser-target conditions. Using the transmitted laser light as an independent feedback param-eter related to acceleration performance is ideal for future automated laser and targetoptimisation. Advanced experimental diagnostics, involving self-generated and transmit-ted laser light [160, 161, 360], in conjunction with advanced simulation approaches [157,340], can be employed for this purpose. In combination with the relatively high repetitionrate (≥ 1Hz) of ultrashort pulse lasers, these approaches have the potential to enhancethe acceleration stability for practical applications.Simulations considering the complete interaction, from picosecond-long target expan-sion to proton acceleration during the high-intensity laser pulse, reveal a cascade ofacceleration regimes that lead to proton energies exceeding 100MeV. The ultrashortpulse duration of the laser promotes a rapid succession of multiple acceleration regimesat highest intensities. Orchestrating this acceleration cascade requires careful consider-ation of pre-expansion, species separation, and timing to achieve the maximum energy.Therefore, future simulation work should address these factors as well as the experi-mentally observed energy scaling in the various directions. This requires extensivemulti-parameter scans and investigations into different combinations aswell as relative timingsbetween the involved acceleration mechanisms.
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7 Summary and outlook

This thesis investigated effective optimisation strategies for enhancing ion accelerationfrom thin foil targets in ultra-intense laser-plasma interactions. The presented workresults from a series of experiments that were conducted at two state-of-the-art high-power laser systems: the J-KAREN-P laser at the Kansai Photon Science Institute (KPSI)and the DRACO-PW laser at the Helmholtz-Zentrum Dresden-Rossendorf (HZDR).
The performed research enabled realisation of several experimental milestones in thefield of plasma-based proton acceleration. Performing worlds first “in vivo” pilot study onhuman tumours in mice using a laser-driven proton beam marks one of these accom-plishments and a long-awaited landmark within the scientific community. This achieve-ment was possible by aggregating input from multiple research projects at HZDR, cov-ering aspects of radiobiology, dosimetry, beam transport and source development. Thelatter represents the contribution of this thesis, as the proton beam parameter at thebeginning of this work were insufficient for the study’s requirements. Through metic-ulous efforts in monitoring and enhancing the temporal intensity contrast of the laser,precise control over the Target Normal Sheath Acceleration (TNSA) process has beenachieved. The implementation of a plasma mirror significantly improved the temporalcontrast, restricting the plasma dynamics to the last picoseconds before the arrival of themain pulse. Fine-tuning of the laser pulse shape was achieved by actively tailoring theinstantaneous frequencies of the electric field of the laser. A systematic study revealedan optimal setting for asymmetric pulses, resulting in significantly enhanced proton en-ergies and particle numbers. The experimental results and a detailed description of thethe optimisation technique have led to the publication of TZ3. 2D Particle-In-Cell (PIC)simulations with temporally asymmetric laser pulses were performed to investigate themicroscopic details leading to the observed energy gain. The results indicate that protonacceleration is enhanced when the laser energy deposition before the main pulse arrivalis minimised, resulting in steeper plasma density gradients and increased absorption oflaser energy by plasma electrons. Consequently, the temporal pulse shape optimisationleads to stronger rear side fields, accelerating protons from the target. The experimentaldata supports this hypothesis and the fact that the relevant time and intensity scales forthe observed enhancement have been identified. However, questions remain regardingwhether the detailed microscopic processes involved are the same in three dimensions,necessitating future simulations to focus on this aspect. The experimentally developedoptimisation procedure and it’s robustness established the foundation for stable andefficient generation of application-relevant proton beams. It became a daily preparationroutine for ion acceleration experiments at DRACO-PW and has also been adopted by
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other groups. The integration of automated dispersion control for performance opti-misation is a readily applicable method, especially when combined with real-time feed-back routines. The synergy of high repetition rate lasers and machine learning tech-niques presents a valuable opportunity for advancing the capabilities and performanceof plasma accelerators in the future.
To overcome the scaling limitations of TNSA, the second part of the thesis focussed on in-vestigating ion acceleration in the Relativistically Induced Transparency (RIT) regime forultrashort laser pulses and solid-density targets. Multiple experiments were conducted,using the high-power laser systems at KPSI and HZDR, to perform systematic scans oflaser and target parameters. Despite differences in laser system architecture, these ex-periments provided complementary results and insights into the detailed plasmadynam-ics. Optimal interaction conditions for ion acceleration in the RIT regime were identifiedby matching the initial target thickness to the temporal contrast of the laser. 3D PICsimulations replicated the experimental results, indicating that best acceleration perfor-mance is achieved when the initially opaque target becomes transparent upon arrival ofthe main pulse. The intense laser field causes a rapid expulsion of electrons from thetarget bulk, resulting in an extremely localised and intense space charge field that ac-celerates ions to several tens of MeV within a few femtoseconds. Investigations on theinfluence of the temporal laser contrast revealed that the preceding laser light primesthe plasma density for the onset of RIT upon main pulse arrival. Fostering this tech-nique has the potential to simplify ion acceleration in this regime, making it suitable fora wide range of laser parameters and operation at high repetition rates. These advan-tages align with the preference for robust and easy-to-implement solutions in variousapplications, avoiding sophisticated approaches for plasma density shaping or individu-ally designed targets that are usually expensive and susceptible to damage. The detailedinsights into the role of the ultrashort pulse duration and the temporal contrast of thelaser represent a significant step forward in understanding and controlling ion accel-eration in the RIT regime. Focussing on the laser as the initial driver of the plasma in-teraction was central to achieving these results and a pivotal element of this thesis. Thisinvolved establishing and linking laser diagnostic and operational techniques to enhancecontrol of on-target laser performance. These efforts enabled the successful replicationof experimental results across two distinct laser facilities by incorporating standardisedoperation principles, experimental procedures, high-quality beam characterisation ca-pabilities, and analysis methods. The results of this study lead to the publication of TZ2.
All the expertise acquired in setting up and performing experiments under optimisedinteraction conditions culminated in the full exploitation of ion acceleration in the RITregime. Using DRACO-PW and only 22 J laser energy on target, laser-driven proton accel-eration to a record energy of 150MeV was achieved. This experimental demonstrationof highly efficient ion acceleration to unprecedented energy levels using laser systemssuitable for repetitive operation at moderate laser energies, represent another experi-mental milestone that was achieved within this thesis. Strategically selecting the initialtarget thickness ensured that the main laser pulse interacted with a target undergoingRIT as a result of pre-expansion early in the interaction. The experimental setup wasadapted to facilitate angle-resolved measurement using several detectors based on dif-ferent detectionmethods. The accelerated proton beam featured a high-energy compo-nent with low divergence, which is spectrally and spatially separated from the lower ener-getic TNSA component. Notably, this high-energy component showed a linear scaling ofmaximumproton energy with increased laser energy, which is fundamentally different tothe square-root scaling of the TNSA component. Target transparency, measured by the
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amount of transmitted laser light, was found to define the interaction conditions for bestacceleration performance. The observed sensitivity to subtle changes in the initial laser-target conditions makes this parameter ideal for future studies aiming for guided or fullyautomated optimisation of interaction parameters. Combining hydrodynamic and PICsimulations enabled to study the microscopic details of the complete interaction frompicosecond-long target pre-expansion to proton acceleration during the high-intensitylaser pulse. The results not only replicated the experimental observations but also re-vealed that multiple known acceleration schemes cascade efficiently at the onset of RIT.The ultrashort pulse duration of the laser promotes a rapid succession of these regimesat highest intensities, leading to the observed beam parameters and enabling ion ac-celeration to unprecedented energy levels. Central to achieving these results and dis-tinguishing them from previously published studies in the RIT regime is the importanceof directly accelerated electrons in the presence of ultrashort laser pulses and solid-density foil targets. These prompt electrons facilitate efficient energy transfer from theultra-intense laser to the ions, both during and after the interaction with the laser pulse.In particular, the scaling of the maximum proton energy in this regime is very promising,allowing to access an energy range of considerable interest for applications. Based onthe experimental results, maximum proton energies beyond 250MeV can be extrapo-lated at twice the laser pulse energy, provided suitable interaction parameters for an effi-cient cascade of mechanisms are achieved. As these findings coincide with the advent ofnovel application-dedicated ultrashort pulse laser systems in the multi-petawatt regime,the results of this study TZ1 , published in Nature Physics, will be of highest importancefor those facilities and the associated research. Achieving precise control over the exper-imental interaction conditions to stabilise this promising acceleration regime representsthe next important step that future work should focus on. This requires careful attentionto target pre-expansion, ion species separation, as well as optimal timing of the individualmechanisms and should be addressed using both numerical and experimentalmethods.Analytical approaches along with PIC simulations and machine learning techniques, willbe essential in studying and connecting the multi-dimensional parameter space for anoptimal interplay of acceleration mechanisms. Future experimental efforts should pri-oritise the development of single-shot methods for real-time intensity characterisationin the focal plane, reducing assumptions and providing more realistic input parametersfor simulation studies. Moreover, the exploration of the transmitted light properties withadvanced diagnostic techniques should be pursued in future experiments, as this mightbe key to accessing the detailed plasma conditions upon main pulse arrival.
In conclusion, this thesis presented viable optimisation strategies for laser-driven ionsources from solid targets at intensities beyond 1021Wcm–2. A central aspect of thiswork was the establishment and integration of laser diagnostics and operational tech-niques to advance control of the interactions conditions in this intensity regime for bestion beam quality. The impact of laser parameters on plasma-based ion acceleration hasbeen thoroughly investigated in a series of experiments conducted on two high-powerlaser systems. The obtained findings allowed for precise adjustment of the interactionconditions for sheath acceleration and exploration of an advanced acceleration schemefor relativistically transparent targets. The results from the latter significantly exceededthemaximumproton energies that were previously achieved via laser-driven ion acceler-ation. Combining experimental and numerical research allowed to elucidate new insightsabout the detailed plasma dynamics for the interaction of ultrashort laser pulses with ex-panding foil targets. The findings of this thesis and the outlined optimisation strategiesmay become the guiding step for advancing laser-driven ion acceleration, paving the waytowards the use of plasma accelerators as a reliable high-energy proton source.
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Appendix

Simulation results for asymmetric laser pulse shapes

Numerical simulations of the experiments presented in chapter 4 were performed withthe fully relativistic particle-in-cell code PIConGPU in a 2D3V geometry. The simulationbox size was 16μm in transversal direction and 10μm + 37μm before and after the foilin longitudinal direction respectively. The target was modelled as an unexpanded (nopre-plasma) flat foil of 400nm thickness, consisting of H+ and C2+ ions with a density of200nc and 10 particles per cell and ion species upon initialisation. The laser pulse hada Gaussian-shaped spatial profile (2.6μm FWHM) and peak intensity of a0 = 50. Theinfluence of the modified temporal pulse shape was studied by separating the asym-metric laser pulse profile into three distinct cases. The temporal laser pulse profile andthe resulting proton energy spectra at the end of the simulation are shown in Figure A1,Figure A2 and Figure A3.

Figure A1: First scenario: Asymmetric laser pulse. Temporal laser pulse profile (left)and proton energy spectra (right) for a Gaussian laser pulses with different rise-to-fallratios.
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Figure A2: Second scenario: Gaussian pulse with exponential ramp. Temporal laserpulse profile (left) and proton energy spectra (right) for different exponential ramps.

Figure A3: Third scenario: Gaussian pulse with post-pulse. Temporal laser pulseprofile (left) and proton energy spectrum (right) for different post-pulse configurations.
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