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Abstrakt

Urychlování iontů pomocí laserových impulzů se těší zvláštní pozornosti pro svoje významné
aplikace, jako je hadronová terapie v onkologii, jaderná fúze a použití v materiálové a
jaderné fyzice. Cílem této práce je teoretická studie nových schémat urychlování iontů
pomocí vysokointenzivních laserových impulsů, s použitím particle-in-cell (PIC) simulací.
Aplikace těchto schémat zlepšuje vlastnosti generovaného iontového svazku, jako je snížení
jeho divergence a/nebo dosažení vyšší maximální energie urychlených iontů. V experimentech
na urychlování iontů pomocí laseru v současnosti dominuje použití relativně tlustých terčů
využívajících mechanismus nazývaný Target Normal Sheath Acceleration (TNSA), zejména k
urychlování uhlovodíkových nečistot na zadní straně terče. Urychlování iontů lze v principu
vylepšit pomocí tří druhů úprav: (1) Použitím jiných urychlovacích mechanismů, jako je
např. urychlování pomocí radiačního tlaku záření (Radiation Pressure Acceleration - RPA),
které se projeví při zvýšení intenzity laserových impulzů (a/nebo snížením hustoty a tloušťky
terče); (2) Použitím speciální geometrie a složení terče; (3) Tvarováním profilu laserového
impulsu.

V této práci je pomocí PIC simulací demonstrována: dominance RPA mechanismu pro
urychlování protonovů při interakci kryogenního vodíkového terče s vysoce intenzivními
multi-PW laserovými impulzy, relevantními pro laserové systémy jako je např. ELI Beamlines;
generace kvazi-monoenergetického iontového svazku s nízkou divergencí pomocí vysokoin-
tenzivního laserového impulsu se strmě stoupající náběžnou hranou a dvouvrstvého terče se
zvlněným rozhraním mezi dvěma vrstvami; lokální zvýšení intenzity a generace impulzu se
strmě stoupající náběžnou hranou při použití velmi tenké pevnolátkové fólie (tzv. plazmatické
závěrky - plasma shutter) a její aplikaci pro urychlení iontů z velmi tenkého stříbrného
terče, což má za následek zvýšení maximální energie iontů a snížení divergence generovaného
iontového svazku. S dalšími vědeckými skupinami jsme také spolupracovali na vizualizaci
našich výsledků ve virtuální realitě, na kombinaci hydrodynamických a PIC simulací a na
návrhu konstrukce dvojité plazmové závěrky pro efektivní urychlování iontů.





Abstract

Laser-driven ion acceleration is very attractive for its highly important applications, like
hadron therapy in oncology, controlled nuclear fusion, and use in material and nuclear
physics. The aim of this work is theoretical study of novel schemes of laser-driven ion
acceleration, available via the use of high-intensity laser pulses, with the help of particle-in-
cell (PIC) simulations. The application of these schemes advances ion acceleration in the
sense of improving the generated ion beam properties like lowering its divergence and/or
achieving higher maximal ion energy. The laser-driven ion acceleration experiments are
currently dominated by the use of relatively thick targets employing Target Normal Sheath
Acceleration (TNSA) mechanism to preferably accelerate hydrocarbon contaminants at the
target rear side. The ion acceleration can be improved by three essential modifications: (1)
Employing different acceleration mechanisms, like the Radiation Pressure Acceleration (RPA),
with increasing laser pulse intensities (and/or lowering the target density and thickness); (2)
Using special target geometry and composition; (3) Shaping the laser pulse profile.

In this work we demonstrated with the help of PIC: the dominance of RPA mechanism for
proton acceleration from cryogenic hydrogen target interaction with high-intensity multi-PW
laser pulses relevant to laser systems like ELI Beamlines; generation of quasi-monoenergetic
ion beam with low divergence using a high-intensity laser pulse with a steep-rising front
and a double-layer target with initial corrugation on the interface between two layers; local
intensity increase and steep-front generation of a high-intensity laser pulse burning through
an ultra-thin solid foil (so-called plasma shutter) and its application for ion acceleration
using ultra-thin silver target, resulting in increase of maximal ion intensity and reduction
of generated beam divergence. We also collaborated with other groups on Virtual Reality
visualization of our results, combination of hydrodynamic simulations with PIC ones and
design of a double shutter scenario for efficient ion acceleration.
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Chapter 1

Introduction

1.1 Historical development and state of the art

Laser-driven ion acceleration is one of the most promising and widely studied features of ultra-
intense laser-matter interaction [1–4], receiving particular attention for its highly important
applications, like hadron therapy in oncology [1; 5; 6], controlled nuclear fusion [7–9], use
in material science as a radioisotope source and a stage to explore exotic nuclei [10; 11], in
nuclear science involving heavy ion collisions, e.g., for hot and dense matter research [12] and
schemes like fission-fusion nuclear reaction [13; 14], production of PET (positron emission
tomography) medical isotopes [15], proton imaging [16], proton-induced X-ray emission
spectroscopies (PIXE) [17; 18] (e.g., for cultural heritage diagnostics), and generation of
ultrashort neutron pulses [19; 20].

The collective acceleration of charged particles using electric fields excited in plasma
media was proposed in 1950s by V. I. Veksler, Ya. B. Fainberg and G. I. Budker [21; 22]. The
invention of the laser in 1960 [23] marked a new stage in this effort. The follow-up invention
of techniques like Q-switching [24], mode-locking [25], cavity dumping [26] and chirped pulse
amplification [27] enabled generation of short, high-power and high-intensity laser pulses.
Subsequently, the ion acceleration in the plasma media driven by such laser pulses was
excessively studied in nineties [2]. The laser-plasma interaction of these times was mainly
connected with electron heating at the front side of the target. These electrons then propagate
through the target and cause ion acceleration at the rear side of the target. This behavior
is described by the so-called Target Normal Sheath Acceleration (TNSA) mechanism [28].
This effort culminated in 2000, when energy of 58 MeV was reached for protons using a PW
laser [29]. Since then only a relatively slow improvement of maximal reached energy was
announced, e.g., 67.5 MeV in 2011 [30] using flat-top hollow micro-cones and 85 MeV in
2016 [31] reducing the target thickness to micrometer level. The most straightforward way to
increase the maximal ion energy is to increase the laser pulse power and intensity. However,
this increase is in principle limited by the square-root (ponderomotive) scaling of the TNSA
mechanism [3]. Therefore, an employment of novel acceleration schemes in combination with
the use of different acceleration mechanisms is needed to reach higher ion energies in a faster
pace.

One of the promising mechanisms is Radiation Pressure Acceleration (RPA) [32; 33],
which may get involved especially in combination with the use of ultrathin or low-density
targets. Its experimental indications have already been observed [34–37]. Usually several
ion acceleration mechanisms take place during the laser-target interaction. The interplay
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Chapter 1. Introduction

between them depends on the target and laser parameters [38]. For example, the increase of
laser intensity for relatively low-density solid targets, like cryogenic hydrogen [39], can result
in the shift of the origin of the ions accelerated to the highest energies from the target rear
side towards its interior, as demonstrated by our group in Ref. [40]. It was also demonstrated
in experiment, that energies per nucleon of the bulk carbon ions can reach significantly
higher values than the energies of contaminant protons [41]. The radiation pressure also
plays a role in directing the electron flow in Directed Coulomb Explosion (DCE) [42] and in
creation of low-density regions required for the onset of Relativistic Induced Transparency
(RIT) [43] in solid targets. This results in occurrence of several hybrid and intermediate
mechanisms like a hybrid RPA-TNSA regime [44; 45] and Break-out Afterburner [46; 47].
The hybrid RPA-TNSA mechanism (influenced by the onset of RIT) set a new record in
proton acceleration, reaching energy over 94 MeV in experiment conducted in 2018 [45]. With
the advent of multi-petawatt laser systems like ELI Beamlines (Czech Republic) [48–50],
ELI NP [51; 52], APOLLON (France) [53] or SEL (China) [54] the laser pulses will reach
intensities over 1023 W{cm2, entering the acceleration regimes dominated by the radiation
pressure, promising new records in proton/ion acceleration.

The demonstration of RPA regime for acceleration of heavy ions is also expected in future.
Currently the highest energies are being achieved by using ultra-thin targets, e.g., the recent
record for gold ion acceleration (exceeding 7 MeV/nucleon) was achieved with lowering the
target thickness down to 25 nm [14]. For silver ions, energy exceeding 20 MeV/nucleon was
achieved lowering the target thickness down to 50 nm [55].

1.2 Aims and motivation
The aim of this dissertation is to investigate the novel schemes of ion acceleration, available
via the use of high-intensity laser pulses, with the help of particle-in-cell (PIC) simulations.
The application of these schemes should advance ion acceleration in the sense of improving the
generated ion beam properties like lowering its divergence or/and achieving higher maximal
ion energy. The ion acceleration can be improved by three essential modifications marking
the main topics of this dissertation: (1) Employing different acceleration mechanisms, like the
Radiation Pressure Acceleration (RPA), by increasing laser pulse intensities (and/or lowering
the target density and thickness); (2) Using special target geometry and composition, like
double-layer target with interface corrugation; (3) Shaping the laser pulse profile, e.g., by
employing a plasma shutter (an ultra-thin foil placed in front of the target).

The first topic is focused on proton acceleration via interaction of high-power and high-
intensity laser pulse (relevant to L4 laser at ELI Beamlines [50]) with low-density cryogenic
(solid) hydrogen targets. These targets provide interesting medium for ion acceleration as
they can be made relatively thin, with low density, lacking contaminants, debris-free and
can be used in high-repetition laser-target experiments [39; 56–58]. The combination of high
laser intensity (over 1022 W{cm2 ) with very low (but still overdense) target density provides
perfect conditions for demonstration of efficiency of different acceleration mechanisms(apart
from the classical TNSA) like the RPA and the influence of the RIT on ion acceleration.

In addition to increasing the laser pulse intensity and changing the target thickness,
the use of structured targets can also improve the maximum energy and quality of laser-
accelerated ions. Various target were proposed for ion acceleration, e.g., double-layer [59–64],
with nano-structures at its surface [65], nano-holes [66; 67] or a specific geometry, like a
transverse Gaussian shape [68], a dual parabola [69], with a few micron-size holes [70] and a
pizza-cone target [30].
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1.3. Author’s role and contributions

Moreover, the target shape can influence the development of hydrodynamic-like instabili-
ties arising from the laser-target interaction (e.g. Rayleigh-Taylor-like instability [71; 72]).
This can result into fracturing the target into high-density ion bunches, which exhibit quasi-
monoenergetic behavior [73; 74]. The instability development can be (partially) controlled by
the imprinted corrugation on the target surface as demonstrated in [75].

In the second topic we continued in this idea using double-layer targets with corrugation
on the interface between two layers. We assumed a steep-front laser pulse, aiming to produce
rather impulsive instability with Richtmyer-Meshkov-like features [76; 77], which could be
more reliable for bunch generation, as its growth rate is rather linear compared to Rayleigh-
Taylor-like instability with exponential rate [78]. Together with the use of a high-power laser
pulse one can expect generation of high-energy ion beams with low divergence.

After modifying the target shape and composition, and increasing the laser intensity,
the next logical step for study of the novel schemes of ion acceleration is the shaping of the
laser pulse profile. The generation of a steep-front laser pulse is a desirable feature affecting
laser-plasma dynamics [79]. This feature can be achieved by the nonlinear evolution of the
laser pulse as it propagates (or burns) through an underdense plasma [80–82], a near critical
density plasma [83; 84] or an overdense plasma [43; 85]. The overdense approach is especially
interesting as such foils can be also used for improvement of the laser pulse contrast, as
demonstrated in experiments [86; 87]. This kind of ultra-thin solid foil is often referred
to as the plasma shutter [85–87]. It represents an interesting addition to techniques like
double planar plasma mirrors [88], already implemented in the laser systems. An additional
advantage of the use of the ultra-thin foil is the generation of a relativistic plasma aperture
and diffraction of the laser pulse affecting the electron [89] and ion dynamics [90].

In the last topic we investigated the possibility of locally increase of the laser pulse
intensity using the relativistic plasma aperture generated by the interaction of high-intensity
laser pulse with the ultra-thin plasma shutter and the generation of the steep-front pulse.
Subsequently, we study the effect of the pulse shaping on ion acceleration from the additional
target located behind the plasma shutter, aiming to improve both the maximal ion energy
and the divergence of the produced ion beam.

1.3 Author’s role and contributions
The author’s personal role, contributions, training and skill development are described in
this section. Therefore, the pronouns I and my are used in this section instead of the words
author and author’s for the sake of simplicity.

My doctoral training was supervised by doc. Ing. Jan Pšikal, Ph.D. and Prof. Sergei
V. Bulanov. It took place at the Department of Physical Electronics, Faculty of Nuclear
Sciences and Physical Engineering, Czech Technical University in Prague and at The Extreme
Light Infrastructure ERIC, ELI Beamlines Facility. I was an active member of two scientific
teams: the computational physics group of Prof. Jiří Limpouch at CTU in Prague and HIFI
team of Prof. Sergei V. Bulanov at ELI Beamlines. The topic of this dissertation reflects my
involvement in three scientific projects:

• Ultra-intense laser interaction with specially-designed targets as a source of energetic
particles and radiation - GA15-02964S - from Czech Science Foundation
Principal Investigator: doc. Ing. Jan Pšikal, Ph.D. from Czech Technical University
in Prague

• The High Field Initiative - CZ.02.1.01/0.0/0.0/15_003/0000449 - from European
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Chapter 1. Introduction

Regional Development Fund
Principal Investigator: Prof. Sergei V. Bulanov from ELI Beamlines

• Plasma optics for ultra-intense laser physics experiments - GA18-09560S - from Czech
Science Foundation
Principal Investigator: doc. Ing. Ondřej Klimo, Ph.D. from Czech Technical University
in Prague

I actively collaborated on the research included in this dissertation with all three Principal
Investigators, the members of the scientific teams at ELI Beamlines and CTU in Prague,
and with professors Katsunobu Nishihara and Kunioki Mima from Institute of Laser Engi-
neering, Osaka University, Japan. I also participated in courses, summer schools and study
stays at other institutions including: the stay at Queen’s University Belfast in March 2018
(ERASMUS+ training: O2/LTT-C2: High Power Laser Matter Interactions / High Energy
Density Physics - Theory and Experiments); the 8th Summer School on Atoms and Plasmas
in Super-Intense Laser Fields, in Erice Italy 2017 and short visit of Kansai Photon Science
Institute, Kizugawa, Japan with invited presentation in September 2019 [91].

Due to the outbreak of covid-19 pandemic, I participated in other international activities
in the online form, including: ELI Summer School 2020, in Szeged Hungary 2020; LaPlaSS2021
- Experimental methods in High Intensity Laser-Plasma processes, Laser-Plasma Summer
School organized by the CLPU Laser-Plasma Chair of the University of Salamanca, in
Salamanca Spain 2021; 28th Laser Summer School, in Osaka Japan 2021. In addition,
I attended several certificated courses in the Czech Republic, including: Introduction to
MPI, at IT4Innovations in Ostrava 2021; Introduction to Machine and Deep Learning, at
IT4Innovations in Ostrava 2022; Several courses in Czech language provided by FZU - Institute
of Physics of the Czech Academy of Sciences focused on presentation and communication
skills, and popularization of science.

My PhD training was focused on preparation, running and processing computationally
demanding particle-in-cell simulations of high-intensity laser irradiation of various solid
targets relevant to laser centers like ELI Beamlines, and subsequent analysis, theoretical
explanation and visualization of the huge amount of produced data, often amounting to
several (tens of) Terabytes for a single 3D simulation. I learned how to work independently
and in a team, participate in multidisciplinary projects, e.g., combining PIC simulations with
hydrodynamic ones, discussing the shutter design with team members and contacting possible
manufacturer for further discussions, and collaborating on Virtual Reality visualizations of
our results. I gained experiences in preparation and submission of the manuscripts of scientific
papers, serving as a corresponding author and preparation of a basic grant applications.
That includes open access grant competitions for computer time at IT4Innovations National
Supercomputing Center and student chapter activity grant applications of SPIE society. I
have been a principal investigator of 10 computational projects at IT4Innovations receiving
together several millions of core-hours for our team.

Several educational activities were part of my PhD training, including giving tutorials for
the undergraduate course Numerical methods at the Czech Technical University in Prague
and being a supervisor of 2-day scientific mini-projects for high school students at event Week
of science at FNSPE organized by our faculty in years 2017-2019 and 2022 with mini-projects:
Simulations of ion acceleration by ELI laser and their visualization in Virtual Reality and
Monte Carlo simulation of virus spreading. I served as a chapter officer in the student club
SPIE CTU in Prague Student Chapter for 6 terms (2x as a chapter president), actively
co-organizing the chapter seminars, dealing with outside communication, funding grants
applications and reports to SPIE supervisors. I was also involved in popularization of science
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1.3. Author’s role and contributions

to general public at ELI Beamlines, mostly using the virtual reality stations, containing,
among others, visualizations of my simulations. The activities ranged from small-group school
excursion to large events like International Day of Light and Researcher’s night.

The research done during my PhD training resulted in 5 papers in peer-reviewed journals,
9 conference proceedings and invited chapters in two books, see the full list in Appendix A.

The core of this doctoral thesis is based on the following five selected publications:

I. M. Matys, J. Psikal, K. Nishihara, O. Klimo, M. Jirka, P. Valenta and S. V. Bulanov
(2023). High-quality laser-accelerated ion beams from structured targets. Photonics 10,
61.

II. J. Psikal and M. Matys (2018). Dominance of hole-boring radiation pressure acceleration
regime with thin ribbon of ionized solid hydrogen. Plasma Physics and Controlled
Fusion 60, 044003.

III. M. Matys, K. Nishihara, M. Kecova, J. Psikal, G. Korn, S. V. Bulanov (2020). Laser-
driven generation of collimated quasi-monoenergetic proton beam using double-layer
target with modulated interface. High Energy Density Physics 36, 100844.

IV. M. Jirka, O. Klimo and M. Matys (2021) Relativistic plasma aperture for laser intensity
enhancement. Physical Review Research 3, 033175.

V. M. Matys, S. V. Bulanov, M. Kucharik, M. Jirka, J. Nikl, M. Kecova, J. Proska, J.
Psikal, G. Korn and O. Klimo (2022). Design of plasma shutters for improved heavy
ion acceleration by ultra-intense laser pulses. New Journal of Physics 24, 113046.

These selected papers will be referred in text by the Roman numerals for easy distinguishing.
The research was presented on several scientific conferences and workshops, e.g., the oral
presentations at the 63rd Annual Meeting of the APS Division of Plasma Physics in 2021,
SPIE Optics&Optoelectronics 2021, and a key-note presentation at 3rd Users’ Conference of
IT4Innovations in 2019, the full list is presented in Appendix A.2. The paper I. was selected
by the editors as the cover of the January 2023 issue of Photonics [92].

During my doctoral training I also participated on other projects, collaborations and em-
ployments not included in this dissertation. Namely, subcontract of AFOSR project Directed
High Energy Radiation and Particle Beams Generated Using Extreme Magnetic Fields (sub
award agreement 12248263) supervised by Dr. Georg Korn at the side of ELI Beamlines. We
also collaborated with groups from TAE Technologies, Inc., Ecole Polytechnique, University
of Szeged and ELI-ALPS on simulation studies of proton and deuteron acceleration using
mJ-Class few-cycle high-repetition lasers for neutron generation (collaboration acknowledged,
e.g., in [93; 94] ). We worked on the topic of light ion acceleration for hadron therapy using
multi-layer targets with shutter, which was presented (together with our previous shutter
results) at the conference Flash Radiotherapy & Particle Therapy Conference (FRPT 2022)
in Barcelona. I further broadened my computer knowledge at the beginning of my doctoral
training, when I was partially employed as a network administrator at the faculty.
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Chapter 2

Theoretical background

In this chapter, Gaussian c.g.s. units are used. Furthermore, the temperature T of the particle
type α is expressed in the electronvolt unit TαreV s, instead of Kelvin T 1

αrKs, i.e. Tα “ kBT
1
α,

where kB is the Boltzmann constant.

2.1 High-intensity laser interaction with overdense plasma
2.1.1 Basic theoretical background
The high-intensity laser interaction with overdense plasma presents specific conditions of
initially quasi-neutral medium of free charged particles with collective behavior combined
with strong external and internal (generated) electromagnetic fields, provided by the laser
itself and by the plasma interaction with it. The charge of a single particle is efficiently
shielded in plasma on distances longer than the so-called Debye length by the cloud of charged
particles surrounding it. For electrons with charge q “ ´e, density ne and temperature Te
the Debye length can be expressed as

λDe
“

c

Te
4πnee2 (1)

The electric potential φ of the point charge q in plasma then decreases by the factor of eN
´1

(Euler number) at the distance of r “ λDe :

φ “
q

r
exp

ˆ

´r

λDe

˙

. (2)

The quasi-neutrality of the initial target can be expressed via the relation between the
electron ne and ion ni density via the average charge state of ions Z as ne “ Zni. The
distortion of the quasi-neutrality leads to electron oscillation over ions, its frequency is called
the plasma electron frequency and is expressed as:

ωpe “

d

4πe2ne
me

, (3)

where me and e denotes the electron mass and charge.
The electron density in laser-target interaction is often used in multiplies of the critical
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density nc relevant to the laser angular frequency ω

nc “
meω

2

4πe2 . (4)

In the non-relativistic case, the laser pulse with the given ω reflects from the plasma with
density higher than the critical one (so-called overdense plasma), which is implied from the
corresponding dispersion relation of an electromagnetic wave propagating in plasma is [95]:

ω2 “ ω2
pe ` pkcq2, (5)

where c is the speed of light in vacuum and k is the wave number. Under this conditions
the laser pulse can efficiently propagate to overdense plasma only via the skin effect into the
skin layer defined as:

ls “
c

ωpe
. (6)

Another fundamental characteristic of the laser pulse is its intensity, defined as the energy
flux density averaged over the field oscillations:

I p #„r , tq “

〈ˇ

ˇ

ˇ

c

4π
#„

E ˆ
#„

B
ˇ

ˇ

ˇ

〉
“

c

8π |Eop #„r , tq|
2 (7)

where #„

E denotes the electric field vector, E0 the electric field amplitude and #„

B the magnetic
field vector.

It is often useful to express the laser strength and combination of the target density and
thickness in dimensionless variables like dimensionless amplitude of the laser electric field a0
and the areal density of the target ϵ0

a0 “
eE0

meωc
« 0.85

d

Iλ2

1018 W cm´2µm2
; ϵ0 “

λl

4πl2s
“ π

ne
nc

l

λ
, (8)

where E0 is the electric field amplitude, λ is the wavelength of the incident laser pulse, l is
the thickness of the target. The factor l{l2s can be interpreted as the characteristic length
related to the foil surface density σ “ lne [43].

The amplitude a0 is used to express the relativistic Lorentz factor of laser field:

γL “

$

&

%

a

1 ` a2
0 for circular polarization

c

1 `
a2

0
2 for linear polarization

(9)

The linear polarization has different representations in 2D and 3D simulations. In the 2D
case, one needs to specify, if the laser is linearly p-polarized (electric field lies in the plane
of incidence, sometimes called transverse-magnetic) or linearly s-polarized (electric field is
perpendicular to the plane of incidence, sometimes called transverse-electric). The 3D case
then contains both parts and is behaving differently in these two planes as is demonstrated
in the papers in Appendix C.

The motion of charged particles in electromagnetic field is described by the the Lorentz
force FL

FL “ qp
#„

E ` #„v ˆ
#„

Bq, (10)
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2.2. Ion acceleration mechanisms

where #„v is the velocity of the charged particle. The #„v ˆ
#„

B component of the Lorentz force
becomes significant for relativistic laser-plasma interaction, described in the next section.

2.1.2 Relativistic effects and transparency
The laser-plasma interaction is considered to be relativistic for a0 ą 1. [96].

The factor γL given by Eq. (9) starts to significantly differ from unity. Electrons now
oscillate in the laser wave with the relativistic quiver velocity [97]

vosc «
eE0

γLmeω
“
ca0

γL
(11)

If the average electron momentum is much lower than the oscillation momentum (i.e. a0 " 1),
then the γ factor for electron

γ « γL ą 1 (12)

Which brings the need for relativistic corrections of several equations and parameters. The
dispersion relation given by Eq. (5) becomes:

ω2 “
ω2
pe

γ
` pkcq2, (13)

Therefore, the laser pulse can now propagate into plasma in regions for which ω ą

ωpe{
?
γ, i.e., up to electron densities ne “ ncγ ą nc. This phenomenon is called relativistic

(induced) transparency. Comparing the relations in Eq. (8), thin overdense plasma becomes
relativistically transparent to parts of incident laser pulse fulfilling the condition a0 " ϵ0 [43].
On the other hand, the laser-target parameters around a0 “ ϵ0 provides suitable conditions
for efficient pushing / expelling of target electrons, which is beneficial for several acceleration
mechanisms described in section 2.2.

The skin effect is affected correspondingly and the skin depth given by Eq. (6) is
relativistically corrected into:

lsc “
?
γ
c

ωpe
. (14)

An analogous dimensionless amplitude to Eq. (8) can be defined using the ion mass
mi instead of me: ai “ eE0{miωc. Assuming acceleration of protons with mi « 1836 me,
the laser intensity required to reach ai “ 1 is Ii « 5 ˆ 1024 W ¨ cm´2

pµmq2. This value
exceeds the recent experimental record of reached intensity by an order of magnitude [98].
Therefore, the ion acceleration is currently mostly realized indirectly through the interaction
with relativistic electrons via charge-separation fields as will be discussed in the next section
2.2.

2.2 Ion acceleration mechanisms
In this section, three main ion acceleration mechanisms using overdense plasma (generated
by the laser interaction with solid targets) are described. Namely Target Normal Sheath
Acceleration (TNSA), Radiation Pressure Acceleration (RPA) and Coulomb Explosion (CE).
They accelerates ions via generation of strong charge-separation electric fields at different
parts of the targets: TNSA at the target rear side, RPA at the front side and CE in the
whole target volume, where electrons were expelled from. More than one mechanisms usually
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occur during the laser–target interaction, and their interplay depends on the target and laser
parameters [38].

Several intermediate mechanisms were also described, e.g., the hybrid RPA-TNSA mech-
anism [44; 45], directed Coulomb explosion [42] and break-out afterburner [46; 47], which
accelerate ions to high energies around the onset of the relativistic transparency. In the near
critical density plasma Magnetic Vortex Acceleration mechanism [99] can occur, if the laser
pulse is intense enough to penetrate through the target to form a density channel. This
results in generation of a strong azimuthal magnetic field, which has the form of a dipole
vortex in 2D and toroidal vortex in 3D. Its expansion results in a strong quasi-static electric
field accelerating ions.

2.2.1 Target Normal Sheath Acceleration (TNSA)
The most commonly applied mechanism in experiments is TNSA. In this scenario, the laser
irradiation of the target front side results in generation of hot electron population. These
electrons can propagate through the target and reach its rear side, as their losses through
collisions are minimal (they have significantly higher energy compared to the bulk electrons)
and their current is compensated by the return current of the cold electrons in the opposite
direction [100; 101]. The electrons can escape the target and form an electron sheath (which
is normal to the target) at its rear side, producing a strong quasi-static charge-separation
electric field accelerating ions (see the scheme in Fig. 1). The sheath can be enhanced by the
electron recirculation around the target [102], which happens as the electrons crossing the
vacuum-target boundary get subsequently deaccelerated and attracted back to the target
by the arising quasistatic field. Protons and other hydrocarbon impurities are primarily
accelerated, as they have the most optimal charge to mass ratio. Using the techniques like
target heating and ablation [103; 104], the thickness of the impurities can be controlled for
either their efficient acceleration or cleaning of the target for acceleration of the heavier bulk
ions.

Accelerated ions

hot 
electrons

Blow-off
plasma Target-normal

quasi-static
eletric field

Solid
targetLaser

Figure 1: The scheme of the TNSA mechanism. Source: author’s master thesis [105].
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2.2. Ion acceleration mechanisms

The basic model of the sheath at the target rear side with initial electron density n0,e
is given by the assumptions of ions with charge number Z and density ni being initially at
rest and having a sharp step-like density profile at the rear side of the target (located at the
position x “ 0), which can be described using the Heaviside function Θ as:

ni “
n0,e

Z
Θ p´xq . (15)

On the contrary, the electrons with charge e and temperature Te can move and their density
ne redistributes according to the Boltzmann distribution with electrostatic potential ϕ:

ne “ n0,e exp peϕ{Teq , (16)

The Poisson’s equation then can be expressed as [2]:

d2
xϕ “ 4πe rne ´ Znis (17)

The plasma is considered neutral apart from this sheath region which thickness is of the
order of the Debye length λD (1). The initial longitudinal electric field in this layer is [2]:

Esheath,0 “

c

2
eN

Te
eλD

“

c

8π
eN
neTe, (18)

where eN is the Euler number.
The maximal ion energy Ei,max (at the front of the expanding ion cloud) of ions with

mass mi can be expressed using the 1D expansion model [106]:

Ei,maxptq “ 2ZTe ln2
´

τ `
a

τ2 ` 1
¯

, (19)

where τ “ ωpit{
?

2eN with the ion plasma frequency ωpi “
a

4πe2Zn0,e{mi.
Another approach is the strong charge-separation field model [107–109]. Here the acceler-

ation of a small number of light particles (considered as test particles) is described solving
equations (16) and (17). The ion energy is expressed using their position xi along the target
normal [2]:

Ei,maxpxiq “ 2ZTe ln
ˆ

C1 ` xi{λD
?

2

˙

, (20)

where constant C1 « 2.
In principle, both models (19) and (20) predict unlimited energy gain with increasing

acceleration time or ion position in the accelerating field, which does not correspond to
reality. Therefore, the acceleration time tacc or distance xacc needs to be limited. For example
limiting the tacc to the order of the laser pulse duration τ0 (i.e., tacc « 1.3 ¨ τ0) was found
relevant to many experiments and simulations [110].

In paper II. we compared our simulation results with the relativistic model for light ions
with finite acceleration length given in [111; 112]. Here the electron sheath at the rear side of
the target is assumed to consist of only plasma-bound electrons. The electrons with highest
energy can escape this region and do not contribute to generation of the acceleration field.
The maximum energy of the light ions described by this model is:

Ei,max “ ZTe
eφ

˚

pφ˚ ´ 1q ` 1
eφ˚

´ 1 , (21)
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where φ˚ “ Ee,max{Te is the normalized maximum energy of plasma-bound electrons. There-
fore, the model requires two values (Te and Ee,max), which need to be measured in the
experiments (derived from the simulation results) or fitted by a relevant approximation. For
a wide range of laser parameters, the electron temperature Te can be approximated by the
ponderomotive potential [113; 114]:

Te “ Φpond “ mec
2

„

b

1 ` a2
0 ´ 1

ȷ

, (22)

and φ˚ “ Ee,max{Te can be fitted by the empirical formula [111]:

φ˚
fit “ 4.8 ` 0.8 ln pELpJqq , (23)

where EL is the laser energy in Joule.
The TNSA models are usually isothermal, assuming the electron temperature equal to

the ponderomotive potential. The ion energy spectrum is given by theory [106] as:

dNi
dEi

“
n0,icstacc
?

2EiZTe
exp

ˆ

´

c

2Ei
ZTe

˙

, Ei ď Ei,maxptq, (24)

where Ni and Ei is the number of ions and their energy, and cs “
a

ZTe{mi is the ion
acoustic velocity. Therefore, the TNSA mechanism provides mostly broad and exponentially
decreasing ion energy spectra with a cut-off energy. Its energy scaling is dominated by the
ponderomotive potential (Eq. 22), which provides square root dependence on increasing
intensity. Therefore, different mechanisms, which can provide narrower energy spectrum and
more efficient energy scaling are being assumed for ion acceleration.

2.2.2 Radiation Pressure Acceleration (RPA)

Another promising mechanism is the Radiation Pressure Acceleration (RPA) [32], which
is becoming more and more relevant in the experimental conditions with the increasing
laser intensity and the decreasing target areal density. High-intensity laser becomes strong
enough to push the electrons into the target. In turn a strong charge separation field arises,
accelerating ions behind in the layer depleted from the electrons (i.e., the electron depletion
layer). Two main scenarios can occur. For a relatively thin targets, the area around the
laser focal spot can be pinched out from the target and accelerated as a compact structure
transferring the laser energy into the electron layer and subsequently into the ion layer
following it through the charge-separation field. For the relatively thick target, the laser
pulse is pushing electrons through the target like a plow or a piston, efficiently boring a hole
through the target, which is described as the Hole Boring (HB) regime [113; 115–117].

On the contrary to the TNSA mechanism, the relevant electrons in the RPA do not
propagate deeper into the target, but piled up and are kept near the front side of the target (or
near the ion layer in the case of thin foil) by the strong electrostatic field, as the equilibrium
between the radiation and electrostatic pressure is reached. This can be expressed assuming
the maximal reflectivity of the laser pulse from the target as [118]

1
8πE

2
es “

2
c
I, (25)

where the amplitude of the electrostatic field in the depletion layer (with thickness led) can
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be obtained from the Poisson equation as

Eespledq “ 4πene,0led, (26)

The scheme of this behavior of RPA mechanism is sketched in Fig. 2.

Electron 
depletion

layer

compressed
electron 

cloud

Solid
target

Laser

Figure 2: The scheme of the RPA mechanism. Source: author’s master thesis [105].

Note that several acceleration mechanisms (and their mixtures) usually occur together
(at the same time or subsequently) during the laser target interaction. Part of the electrons
is kept at the front side, participating in the RPA and part propagates through the target
and reach the rear side, participating in the TNSA. The dominance of one of these two
mechanism in ion acceleration for specific conditions is further investigated in the results
part of this dissertation in section 4.2 and in the paper II..

The optimal thickness of the target in the thin foil approximation can be derived by
setting a0 “ ϵ0 in Eq. (8) [32; 43], i.e., preventing a strong effect of relativistic transparency
(see section 2.1.2), while keeping the thickness minimal. Note that the same equation can be
achieved by assuming all electrons being expelled from the target as is shown in the next
section 2.2.3 by Eq. (52) and (53). The optimal target thickness can be expressed in the
following form:

l

λ
“
a0

π

nc
ne
. (27)

In the next two parts the mechanisms for thin and thick target will be described.

Thin foil approximation

The RPA acceleration using a relatively thin target can be described by the model in [32;
119]. Assuming a maximal reflectivity, the radiation pressure is given by

P “
E12

0
2π “

ˆ

ω1

ω

˙2
E2

0
2π “

E2
0

2π

ˆ

c´ v

c` v

˙

, (28)
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which can be also expressed using the irradiance I0 assuming a circular polarization as [2]:

P “
2I0

c

ˆ

c´ v

c` v

˙

(29)

The primed quantities refer to the moving reference frame and v is the foil instantaneous
velocity:

v “
dx
dt “ c

p
`

m2
pc

2 ` p2
˘1{2 . (30)

The laser electric field at the foil location xptq depends on time as E1
0 “ E0pt ´ xptq{cq,

assuming quasi-one-dimensional geometry.
The equation of motion of the foil is then:

dp
dt “

E2
0pt´ xptq{cq

2πn0l0

`

m2
pc

2 ` p2˘1{2
´ p

`

m2
pc

2 ` p2
˘1{2

` p
, (31)

where p is the momentum of the proton representing the foil, and l0 and n0 are the
thickness and initial proton density of the foil.

To derive the maximum proton energy gained during the interaction with a laser pulse
of finite duration, the dependence of the laser electromagnetic field on time t and on the
coordinate x needs to be assumed, which can be done by using the phase of the wave as a
variable

ψ “ ω0pt´ xptq{cq, (32)

where ω0 is the incoming laser frequency.
The Eq. (31) can be rewritten using Eq. (30) and (32) into:

dp
dψ “

E2
0pψq

2πω0n0l0

`

m2
pc

2 ` p2˘1{2

`

m2
pc

2 ` p2
˘1{2

` p
. (33)

The solution (using w, which is a function of ψ) is [119]:

p “ mpc
wpw ` 1q

pw ` 1{2q
, wpψq “

ż ψ

´8

E2
0psq

4πω0n0l0mpc
ds. (34)

The variable wpψq is called fluence and represents the integral of the momentum flux
through a target unit surface.

The kinetic energy of protons initially at rest can be expressed as:

Ep,kin ”
`

m2
pc

2 ` p2˘1{2
c´mpc

2 “ mpc
2 w2

pw ` 1{2q
. (35)

The target is also deformed during its interaction with the laser pulse and often forms a
cocoon structure or a channel, confining the laser pulse. Therefore, the group velocity of the
laser wave is smaller than the speed of light in vacuum (these two being equal was assumed
in the model above). This kind of wave is referred to as a slow electromagnetic wave and its
interaction with thin target is described in [117].

A model reflecting this behavior is given in [1; 117]: Here a more general case assuming an
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imperfect reflection of laser pulse from the thin foil is used, i.e., by introducing the coefficients
of reflection |ρ|2, transmission |τ |2 and absorption |α|2, which are connected by the relation:

|ρ|2 ` |τ |2 ` |α|2 “ 1. (36)

Assuming a circularly polarized wave propagating along the x-axis with vector potential:
#„

A “ A0 rcospωt´ kxq #„e y ` sinpωt´ kxq #„e zs , (37)

where #„e y and #„e z are the unit vectors along the y - and z-axes, and k is the wave number.
The corresponding Poynting vector is

#„

S “ c
#„

E ˆ
#„

B{4π “ cωkA2
0

#„e x. (38)

In the frame moving with the target (with velocity v “ βc) the ωk part becomes:

ω1k1 “ ω2 pβg ´ βq p1 ´ βgβq

1 ´ β2 , (39)

where βg “ vg{c is the normalized group velocity.
The force acting on the plasma target can be determined by the combination of the values

of the Poynting vectors of incident, reflected and transmitted waves:

F “
`

1 ` |ρ|2 ´ |τ |2
˘

S, (40)

which can be also expressed using the absorption coefficient instead of the transmission
one, using the relation (36), as

F “
`

2|ρ|2 ` |α|2
˘

S “ KS, K “ 2|ρ|2 ` |α|2 (41)

The equation of motion of the surface element of a thin target can be written in the
form [117]

1
p1 ´ β2

αq
3{2

dβα
dt “

KE2

4πσmαc

pβg ´ βαq p1 ´ βgβαq

1 ´ β2
α

, (42)

σ “ n0l0 is equal to the surface density of the target with the thickness l0 and density n0,
βα “ pα,x{

`

m2
αc

2 ` p2
α,x

˘1{2 is the x-component of the normalized velocity of the surface
element of the target (of ion type α), and E2 “ pωA{cq2.

The fluence of this model wpψq is a function of the wave phase ψ “ ωpt ´ x{cq, where
the coordinate xptq of the target must be found by solving the equations of motion. It can
be expressed in the dimensionless form, assuming βg “ 1 and taking the value of w in the
limitψ Ñ 8 : w “ wpψq|ψ“8 as [1]:

w “

ż ψ

´8

KE2
las

4mασω2λ
dψ, (43)

where Elas “
ş `

E2{4π
˘

dV is the laser pulse energy.

Hole Boring (HB)

For a relatively thick overdense target a different description needs to be done [2]. The
electrons are still pushed by the radiation pressure and the ions followed by the charge
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separation field. This process is usually described as the hole boring version of the radiation
pressure acceleration. The laser piles up the electrons forming an electron spike, ions are
pulled by the arising charge-separation field and form a second spike. In the reference frame
moving with the hole boring velocity vb, the unperturbed ions are reflected by the charge
separation field between the two spikes into the forward (laser propagation) direction.

In paper II. we compared our simulation results with the relativistic model of the HB
regime described in [116]. Its non-relativistic and relativistic description is as follow:

The models assume 1D situation of laser with constant intensity interacting with uniform
plasma containing one ion species and perfect reflection (i.e., |ρ|2 “ 1). The system is
examined via the momentum balance in the instantaneous rest frame (IRF). In the laboratory
frame, the plasma surface is moving with the velocity vb and the bulk of the plasma behind
it is at rest. On the contrary, the plasma is moving toward the target surface at ´vb in the
IRF, which must be compensated by a beam of plasma propagating at `vb away from the
plasma surface to conserve the particle number. The momentum balance in the IRF is then:

2I
c

“ 2nimiv
2
b, (44)

where ni is the ion density and mi is the ion mass.
Therefore, vb can be determined from (44) as:

vb “

c

I

nimic
“

?
c2Ξ. (45)

where Ξ is the so-called pistoning parameter [116]

Ξ “
I

minic3 (46)

The velocity of the accelerated ions back in the lab frame (using Gallilean transformation)
is vi “ 2vb and their energy in the non-relativistic case is then:

Ei,NR “
1
2mip2vbq2 “ 2mic

2Ξ. (47)

In the relativistic case, Eq. (44) in the IRF becomes:

2I
c

ˆ

1 ´ vb{c

1 ` vb{c

˙

“ 2γ2
bminiv

2
b, (48)

which can be rearranged using βb “ vb{c and Ξ into

pΞ ´ 1qβ2
b ´ 2Ξβb ` Ξ “ 0, (49)

giving the hole boring velocity:

vb

c
“ βb “

?
Ξ

1 `
?

Ξ
. (50)

The ion energy in the lab frame (using appropriate Lorentz transformation) for the relativistic
case is then:

Ei “ mic
2

„

1 ` β2
b

1 ´ β2
b

´ 1
ȷ

“ mic
2

„

2Ξ
1 ` 2

?
Ξ

ȷ

. (51)
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Note that the slow wave approach (similar to the one described above for the thin foil
case) can be done also for the Hole Boring regime [117].

2.2.3 Coulomb Explosion (CE)
One of the way to produce a mono-energetic ion spectra is to employ a coulomb explosion
mechanism in a double-layer target scenario [61]. Here the front layer usually consists of
heavy ions and is followed by a relatively thin layer of light ions, e.g., a metal foil with
hydrocarbon contaminants. The laser pulse expels electrons from the foil, creating a surplus
of positively charged ions. Consequently a strong quasi-static electric field repulsing the ions
is generated. Both heavy and light ions are accelerated. However, the efficiency of acceleration
is higher for the lighter ions, as the ratio miZa{pMaZiq can be sufficiently high. Here the
mass and charge number for heavy ions are denoted as mi and Zi and for light ions as ma

and Za, i.e., mi ąą ma).
The heavy layer should be thick enough to contain a sufficient number of electrons to

be expelled by the laser (to generate strong Coulomb field), but it also needs to be thin
enough to generate the electric field at its rear side, to affect the light layer. The light layer
should be efficiently thin (so the number of light ion is sufficiently small) to limit effect on
the electric field. A scheme of this mechanism is shown in Fig. 3.

Figure 3: The scheme of the (Directed) Coulomb Explosion mechanism.

When all of the electrons are expelled from a plasma region, the maximal Coulomb
electric field generated by the remaining ions is

Ei “ 2πeZinil “ π
mecω

e
σ0, σ0 “

nel

ncrλ
(52)

The parameter σ0 represents a dimensionless areal density of the target, which is more
relevant to describe the behavior of the interaction than the target thickness only.

Assuming the driving laser electric field to be close to Ei the relation between a0 and σ0
(and ϵ0 (8), which is derived via different approach using the skin depth) is:
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a0 “ πσ0 “ ϵ0 (53)

Assuming the longitudinal (target normal) length of the region with high electric field to
be of the order of the laser focal spot radius (i.e. half of the diameter D{2), the maximum
energy gained by the light ions is:

Ea,max “ eZaEiD{2 (54)

The optimal target areal density for laser absorption and ion energy gain in this regime
using a broad range of parameters was discussed in Ref. [120], the empirical formula can be
derived from the simulations as

σ0,opt « 3 ` 0.4a0 « 0.4a0. (55)

Decreasing σ0 ă σ0,opt results in higher portion of laser pulse being transmitted through
the target. On the other hand, for increasing σ0 ą σ0,opt the laser pulse reflection from the
target is becoming significant.

Using σ0,opt and the corresponding electric field Ei given by Eq. 52, the scaling of the
maximal energy with the laser power P is:

Ea,max
Za

„
?
P (56)

Therefore, the energy scaling does not depend on laser intensity.
The Coulomb explosion can also be realized using a cluster of a small radius R [121–123]

which can accelerates ions located initially at the cluster surface to maximal energy of

Ei,max “
4
3πe

2ZineR
2 (57)

With the increasing laser intensity the Directed Coulomb Explosion (DCE) [42] can be
achieved, where the laser pulse not only expels electrons but also accelerates the remaining
ion core, which starts to move in the direction of laser propagation. This regime represents
an efficient combination of the radiation pressure and Coulomb explosion behavior.
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Methods

The plasma can be modeled by several approaches, the main ones are: hydrodynamic (fluid),
kinetic, and particle description, which differ in their limitations and applications.

Hydrodynamic / fluid approach assumes local thermodynamic equilibrium (LTE) in
plasma, have Maxwellian distribution of the velocities of particle species with well-defined
temperature. The plasma can be described by its macroscopic variables, which are functions of
time and position. This method is very useful to describe the large-scale dynamical behavior
of plasmas, e.g., for plasma interaction with low-intensity lasers (lower than « 1015 W{cm2),
where LTE still can be valid. For example the interaction of the laser prepulse with overdense
foil was simulated by this approach by our coauthors in paper V.

Kinetic approach uses a general distribution function fs of a particle species s, instead
of the Maxwellian one. The distribution function represents a statistical description of huge
number of interacting particles, where each particle has its own position in the phase space.
For the relativistic laser parameters used in this dissertation, the plasma can be assumed to
be colissionless. Therefore, the evolution of a single-particle distribution function fs p #„x , #„v , tq
can be described by the Vlasov equation [124]

Bfs p #„x , #„v , tq

Bt
` #„v ¨ ∇ #„x fs p #„x , #„v , tq `

q

m
p

#„

E ` #„v ˆ
#„

Bq ¨ ∇ #„v fs “ 0 (58)

Particle approach describes plasma as a system of single particles (i.e., uses equations of
motion for each of them), which are moving under the influence of the electric and magnetic
fields. Using all plasma particles in the simulation would be very computationally demanding.
Therefore, a so-called macro-particles representing a huge number of real particles are used in
the simulations. However, the plasma particles needs to be sufficiently sampled, otherwise the
noise is increasing, which brings limits to this approach and some specific plasma phenomena
need to be investigated by the kinetic approach.

EPOCH code [125], which is using the particle approach, was used for the simula-
tions done in this dissertation. The code was created at the University of Warwick and
is available as open source at the corresponding Github page [126]. Therefore, it is being
continuously developed in collaboration with the scientific community. The code is written
in Fortran, parallelized using MPI and well suitable for the use at supercomputer clusters
like IT4Innovations. The code exists in three versions for 1D, 2D and 3D simulations. The
output data are saved in .sdf (self-describing file) format [127], which is being developed
simultaneously with EPOCH. Scripts to load and process .sdf files by Matlab, Python, Visit
and other applications are provided together with the EPOCH source code.
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3.1 Particle-in-cell (PIC)

In this dissertation the particle approach is used via the particle-in cell (PIC) method. Here
the distribution function fs is sampled by so-called macro-particles (or pseudo-particles),
which represents a finite phase-fluid elements:

fs p #„x , #„v , tq “
ÿ

k

NkSx p #„x ´ #„xkqSv p #„v ´ #„v kq , (59)

where Nk is the number of real physical particles represented by the k-th macro-particle of
the species s, Sx and Sv are shape functions of the particle in the phase space of coordinates
#„x and velocities #„v . Sv is usually set as the Dirac δ-function, keeping the velocity of all real
particles represented by a macro-particle the same. On the other hand, Sx is usually set
in the form of b-spline. The computation of the motion of macro-particles is equivalent to
numerical solving of Vlasov equation (58) [124].

The PIC simulation is usually initialized by dividing the simulation area into cells following
the numerical grid, and loading the macro-particles with their predefined properties into
their positions inside the cells. The macro-particles can freely move from one cell to another
following the influence of electric and magnetic fields calculated on the grid.

The PIC method contains four essential steps which are repeated in a loop: (1) Inter-
polation of the EM fields from the grid to the particle positions; (2) Integration of the
equation of motion of the particles; (3) Computation of the charge and currents densities;
(4) Integration of field equations back on the grid. Additionally, modules containing further
physical description of the more advanced phenomena can be added in the loop. For example
QED module solving nonlinear Compton scattering was used in papers II. and III.. In the
Epoch code used for simulations done in this dissertation this module could be inserted
between the steps (2) and (3). The cycle of the particle-in-cell method is summed up in the
following diagram.

Figure 4: Diagram of PIC code computational cycle. If the QED module is not included, the cycle
continues from [Integration of equation of motion] directly to [Computation of charge and current
densities].
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3.1. Particle-in-cell (PIC)

The description of the PIC method in the EPOCH code (used by the author for all of the
PIC simulations included in this dissertation) with the employed algorithms are thoroughly
described by the author in his master thesis [105]. Here only the final descriptions from [105]
are summed up:

Interpolation of fields: In the first step, the EM fields are interpolated to the positions
of the pseudo-particles. Considering a cell-centered field in 1D geometry with uniformly
spaced grid with spacing ∆x and the shape function in the form of b-spline of the first order,
i.e., the shape of the pseudo-particle becomes an isosceles triangle with the peak at a position
X and a width of 2∆x, which can be spread over three cells. The field distribution around
the mesh point xj can be assumed as [128; 129]:

F px, tnq “

$

&

%

Fj , xj ´
∆x
2 ď x ď xj `

∆x
2

0 else
. (60)

The field acting on the pseudo-particle with the shape peak at X then can be expressed
as [128–130]:

FX “
1
2Fj´1

ˆ

1
2 `

xj ´X

∆x

˙2
` Fj

˜

3
4 ´

pxj ´Xq
2

∆x2

¸

`
1
2Fj`1

ˆ

1
2 ´

xj ´X

∆x

˙2
.

(61)

In many codes including the EPOCH, the so-called Yee grid is used. Therefore, fields are
in general not cell-centered, but they are placed on the grid by the following rules [130]: The
electric field components are moved from the cell centre by half of the grid cell in their own
directions and the magnetic field ones are moved from the cell centre by half of the grid cell
in all directions except their own direction, if these dimension are available in the simulation.
For 1D simulation, Ex is staggered to the grid, but Bx remains cell-centered.

Integration of the equation of motion: The macro-particles now can move according
to the fields at their positions, which is solved in the discrete time-step by the numerical
scheme based on the set of relativistic equations of motion [124]:

B#„xk
Bt

“

#„pk
γmk

,
B#„pk
Bt

“ qk

ˆ

#„

Ek `

#„pk
γmk

ˆ
#„

Bk

˙

, γ “

d

1 `

ˆ

#„pk
mkc

˙2
(62)

where #„

Ek and #„

Bk are electric and magnetic fields at the position of k-th particle, mk and qk
are the rest mass and charge of k-th particle and γ is the relativistic factor. To solve this
set of equations, the leap-frog method is used in the majority of the PIC codes, computing
coordinates #„x and #„v [131]. The principle of the leap-frog method is that the velocities (or
momenta) are computed in the middle of time step, while positions are calculated in the
time step edges in the following way:

In the first half of time step (∆t{2), the macro-particle is moved by its original momentum:

x

ˆ

t`
∆t
2

˙

“ xptq `
∆t
2

px
γm

ptq , γ “

d

1 `
p2
x ` p2

y ` p2
z

m2c2 . (63)
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New momentum is evaluated at the position of the moved particle

px pt` ∆tq “ pxptq ` q∆t
„

Ex

ˆ

t`
∆t
2

˙

` vy ptqBz

ˆ

t`
∆t
2

˙

´vz ptqBy

ˆ

t`
∆t
2

˙ȷ

.

(64)

In the second half of the time step, newly evaluated momentum is used to move the macro-
particle

x pt` ∆tq “ x

ˆ

t`
∆t
2

˙

`
∆t
2

px
γm

pt` ∆tq. (65)

Computation of charge and current densities: The properties of the macro-particle
need to be interpolated back to the grid in order to affect the EM fields in the next step. It is
an analogous operation to the step (1). Assuming the same 1D situation, with triangle shape
function of macro-particles, with center at X. The part of the macro-particle overlapping
the i-th cell contributes to the field at the grid point xi by its property Data in the following
way:

F piq “ Data ¨

$

’

’

’

’

’

&

’

’

’

’

’

%

3
4 ´

|X ´ xi|
2

∆x2 , |X ´ xi| ď
∆x
2

1
2

ˆ

3
2 ´

|X ´ xi|

∆x

˙2
,

∆x
2 ă |X ´ xi| ď

3∆x
2

0, |X ´ xi| ą
3∆x

2

. (66)

The general relation for a shape function S can be expressed via the integral for each
grid point xi as:

F piq “ Data

ż xi` ∆x
2

xi´ ∆x
2

S pX ´ xq dx. (67)

The current #„
j can be calculated from the charge density ρ using the Villasenor and

Buneman scheme [132] solving equation

Bρ

Bt
“ ´∇ ¨

#„
j (68)

The scheme conserves charge on the grid. Therefore, Poisson’s equation remains satisfied
for all the simulation time, if it is satisfied initially. The charge density ρ can be obtained
from Eq. (66) using the product of the macro-particle charge and numerical weight of the
property Data.

Integration of field equations on grid: Knowing the particles influence at the grid
location, the updated electric and magnetic fields can be calculated. In many codes (including
EPOCH) the FDTD scheme is applied on the Yee grid, solving the normalized Maxwell
equations:

B
#„

E

Bt
“ ∇ ˆ

#„

B ´
#„
j , (69)

B
#„

B

Bt
“ ´∇ ˆ

#„

E (70)

and Eq. (68):
Bρ

Bt
“ ´∇ ¨

#„
j .
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3.2. Evaluation and visualization of large Volumetric data

As described in [105], using the discretization of spatial derivatives [128; 129]

∇`Fnjkl “

ˆ

Fnj`1kl ´ Fnjkl
∆x ,

Fnjk`1l ´ Fnjkl
∆y ,

Fnjkl`1 ´ Fnjkl
∆z

˙

∇´Fnjkl “

ˆ

Fnjkl ´ Fnj´1kl

∆x ,
Fnjkl ´ Fnjk´1l

∆y ,
Fnjkl ´ Fnjkl´1

∆z

˙, (71)

the discrete Maxwell equations become:

#„

E
n` 1

2
jkl

#„
´E

n´ 1
2

jkl

∆t “
#„∇´ ˆ

#„

Bnjkl ´
#„
j njkl (72)

#„

Bn`1
jkl ´

#„

Bnjkl
∆t “ ´

#„∇` ˆ
#„

E
` 1

2
jkl (73)

#„ρ
n` 3

2
jkl ´ #„ρ

n` 1
2

jkl

∆t “ ´
#„∇´ ¨

#„
j n`1
jkl (74)

Using the Vlasov solver requires the fields at half time steps. Therefore, the solving of
Maxwell’s equations is split as follows:

#„

E
n` 1

2
jkl “

#„

Enjkl `
∆t
2

´

∇´ ˆ
#„

Bnjkl ´ jnjkl

¯

#„

B
n` 1

2
jkl “

#„

Bnjkl ´
∆t
2

´

∇` ˆ
#„

E
n` 1

2
jkl

¯

#„ρ
n` 3

2
jkl

#„ρ
n` 1

2
jkl

∆t “ ´
#„∇´ ¨

#„
j n`1
jkl

#„

Bn`1
jkl “

#„

B
n` 1

2
jkl ´

∆t
2

´

∇` ˆ
#„

E
n` 1

2
jkl

¯

#„

En`1
jkl “

#„

E
n` 1

2
jkl `

∆t
2

´

∇´ ˆ
#„

Bn`1
jkl ´ jn`1

jkl

¯

(75)

3.2 Evaluation and visualization of large Volumetric data
The 3D simulations can produce a huge amount of data. The amount can be limited by
storing only part of the simulation box. Epoch provides techniques to save only every other
grid point (user can choose how many points in sequence will be skipped), to save a specific
simulation area area and to use a moving window, changing the position of simulation
region being calculated. However, for same cases user needs to evaluate the whole simulation
area, e.g., for evaluation of energy of both reflected and transmitted laser pulse as done in
paper V or for visualization purposes for science popularization. We used another approach
interpolating the volumetric data of fields and density distribution to less dense grid. We saved
the whole simulation area (and full grid) and performed the interpolation in post-processing,
as this function is currently not available directly in the EPOCH code. In our workflow, the
simulation data in the .sdf format is firstly loaded into Matlab by the script provided by the
EPOCH developers. After processing the data we use the Matlab function imresize3, which
performs a volumetric 3D interpolation (or extrapolation) to chosen grid. The interpolation
method is chosen by the parameter ,’Method’, in our case the trilinear version is used by
setting ’Method’ to ’triangle’. The interpolated data are then saved using Matlab functions
h5create and h5write into .h5 format, which can be loaded by several visualization tools. In
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our case we use the ParaView [133] and the VBL web-browser interactive application [134],
which utilizes virtual reality mode. This visualization tools provides a real time viewing of
prepared time frames and functions like zoom and rotation. The VBL application is further
described in the included papers I. and III.. The use of the ParaView is shown in Fig. 5 and
the use of the VBL application in Fig. 6.

Figure 5: The visualization of the volumetric data in ParaView

Figure 6: The visualization of the volumetric data in the VBL application, available online [135]
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Author’s original results

4.1 Paper 1: High-quality laser-accelerated ion beams
from structured targets

Reference:

M. Matys, J. Psikal, K. Nishihara, O. Klimo, M. Jirka, P. Valenta and S. V. Bulanov (2023).
High-quality laser-accelerated ion beams from structured targets. Photonics 10, 61.
Attached as Appendix C.1

Description:

In this work, our previously published papers are connected together, as they complement
each other. The reader can use this paper to see the highlights of the research performed in
this dissertation, the connections between them and their common future goal to use the
combination of novel schemes to propose a new generation of laser-driven ion accelerators. The
details of the particular results can be found in the papers II.-V. described in the chapters
4.2-4.5 . We were invited to submit this paper to the special issue of Photonics: Progress in
Laser Accelerator and Future Prospects [136] by the special issue editors Prof. Dr. Toshiki
Tajima and Prof. Dr. Pisin Chen.

In this paper, we reviewed our results on the prospect of increasing the quality of ion
acceleration driven by high-intensity laser pulses using low-Z structured targets. We discussed
the dominance of RPA mechanism for laser parameters relevant to research facilities such as
ELI Beamlines. We demonstrated that a corrugation fabricated on the interface of double-
layer targets leads to the generation of high-density and high-energy ion beams with low
divergence. We proposed improvement of the ion acceleration with the laser pulse shaping via
the plasma shutter (a thin foil placed in front of the main target), generating a steep-front
pulse with locally increased intensity. The paper is supported by several virtual reality
visualizations, some of them not published before and made in collaboration with the VBL
team of ELI Beamlines (available online [137] and shown in Fig. 7). The paper was selected
by the editors as the cover of the January 2023 issue of Photonics [92] (the cover page is
included at the beginning of Appendix C.1).

The author wrote the bulk of the manuscript text, carried out the simulations included
(with the exception of the 3D simulations in section 3.1, carried out by the author’s supervisor),
analyzed the results and served the role of the corresponding author.
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Figure 7: Selected Virtual Reality and ParaView visualizations presented in the paper I. Photos
demonstrate the use of the Virtual Reality stations at the atrium of ELI Beamlines in Dolní Břežany.

4.2 Paper 2: Dominance of hole-boring radiation pres-
sure acceleration regime with thin ribbon of ionized
solid hydrogen

Reference:

J. Psikal and M. Matys (2018). Dominance of hole-boring radiation pressure acceleration
regime with thin ribbon of ionized solid hydrogen. Plasma Physics and Controlled Fusion
60, 044003.
Attached as Appendix C.2

Description:

With the current development of multi-PW laser systems (like ELI Beamlines [48–50],
APOLLON [53], ELI NP [51; 52], and SEL [54]) and low density targets the ion acceleration
can reach other acceleration mechanisms aside the more traditional TNSA. One of the
promising mechanism is RPA, as its theoretical models propose higher proton energy and
laser absorption into high-energy particles compared to TNSA.

In this paper we investigated with the help of 2D and 3D particle-in-cell simulations the
usage of novel cryogenic hydrogen target with thickness down to several tens of micrometers
(currently tested in experiments [39; 39; 56; 57; 138]) for ion acceleration driven by multi-PW
lasers with parameters relevant to ELI Beamlines [48–50]. Due to its relatively low density,
this target is more feasible for RPA acceleration compared to more common targets like
thin plastic foil, since hole boring velocity (and therefore the energy in the HB RPA regime)
increases with decreasing density and decreasing mass of ion species.

In our simulations we compare two proton populations originated from different mech-
anisms, as they can be clearly distinguished in space and energy level. We demonstrated
that RPA mechanism dominates over TNSA both in numbers and maximum energy. We also
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4.2. Paper 2: Dominance of hole-boring radiation pressure acceleration regime with thin
ribbon of ionized solid hydrogen

compare this two populations in simulations with lower intensities, as the peak intensity will
be a challenge to achieve at experiments. It was shown that the pulse burns through the
target for laser intensity equal or larger than 1.5 ˆ 1022 W ¨ cm´2. TNSA started to generate
protons with higher energy than RPA for the lowest intensity case of 3.7 ˆ 1021 W ¨ cm´2.
Nevertheless, RPA accelerated more particles with energy over 10 MeV than TNSA in all
simulated cases.

In real experiments, the target will be partially heated by prepulses before the interaction
with the main pulse and low density preplasma will be formed [139]. Therefore, we investigated
an influence of exponential density profile of preplasma to ion acceleration. In our case the
preplasma effects seems to be minimal, as we observed only slight differences in the final
proton energy spectrum, transformation efficiency into high-energy protons and ratio of RPA
protons (accelerated in the target interior) to TNSA ones (accelerated from the target rear
side). Note that the used target was three orders of magnitude thicker than in the paper V.,
where the preplasma influence was significant.

The energies of accelerated protons are sometimes overestimated in 2D PIC simulations
[47], since transverse particle spread happens only in one dimension. Therefore, we compared
our results with computationally demanding 3D simulations. In our case the maximum energy
of ions actually increased in 3D simulation compared to its 2D counterpart. This behavior
was explained by improved self-focusing of the laser beam in the plasma medium in the
3D geometry, as focusing can occur also in another dimension. This feature is visible in
the electric field distribution and is directly connected to the chain of the hole boring RPA
relations: higher intensity due to self-focusing Ñ higher hole boring velocity Ñ higher ion
energy. On the other hand, the energy of the ion population accelerated by TNSA mechanism
decreased in the 3D compared to 2D, as expected. Therefore, the domination of RPA over
TNSA for our cases is even more striking in the 3D geometry.

We also investigated the influence of different polarizations in 3D geometry on the
interaction. Circular polarization is usually proposed for the RPA of ultra-thin foils [34;
68; 118; 140], as the oscillatory part of the nonlinear force acting on the electron layer is
suppressed in this case. It results in the mitigation of the heating of electrons and consequently
of the expansion of the foil. Therefore, the ion acceleration can be significantly prolonged
in the case of ultra-thin foils. However, this feature is usually negligible in the case of thick
foils undergoing hole boring RPA as the interaction is in principle much longer. Moreover,
the foil is bent by the laser beam intensity shape and hot electrons can be generated in the
curved surface of the dense target even in the case of circular polarization. Our simulations
showed that circular polarization do not improve ion acceleration in our case. On the contrary,
the hole boring velocity and energy of ions are even slightly higher in the case of linear
polarization.

In addition to Ref. II., the obtained results were also included in conference papers [141;
142], revisited in the review paper I. and presented by the author at conference 44th
European Physical Society Conference on Plasma Physics, 2017 Belfast, United Kingdom;
and by author’s supervisor at conference SPIE Optics&Optoelectronics 2017, Prague, Czech
Republic; and by the author at summer school: the 8th Summer School on Atoms and
Plasmas in Super-Intense Laser Fields, in Erice Italy 2017. The continuation of this work
with particle tracking and virtual reality visualization (available online [143] and shown in
Fig. 8 ) is included as a book chapter in Ref. [144].

The author collaborated with his supervisor on each aspect of the manuscript preparation,
wrote parts of the manuscript text, carried out the simulations in sections 2 and 3, and
the 2D counterparts of the 3D simulations in section 5 and analyzed the corresponding
results. The author also helped with the preparation of the revised version of the manuscript
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(including response to referees) and with the final corrections of the paper.

Figure 8: Visualization of tracking particles in the 2D simulation of 10-PW-class laser with
cryogenic hydrogen target. Visualized in collaboration with M. Kecová, particle tracker developed in
collaboration with V. Horný. Virtual reality application of this simulation is available online [143].

4.3 Paper 3: Laser-driven generation of collimated quasi-
monoenergetic proton beam using double-layer tar-
get with interface modulations

Reference:

M. Matys, K. Nishihara, M. Kecova, J. Psikal, G. Korn, S. V. Bulanov (2020). Laser-driven
generation of collimated quasi-monoenergetic proton beam using double-layer target with
modulated interface. High Energy Density Physics 36, 100844.
Attached as Appendix C.3

The hydrodynamic-like instabilities frequently occur in high-intensity laser-plasma in-
teraction [145; 146]. They are often considered to be detrimental effects, as they negatively
affect the stability of a target and are one of the infamous problems in the concept of
inertial fusion [147]. On the other hand, if controlled, they can disrupt the foil in a right
way to produce quasi-monoenergetic bunches of particles, as shown in several papers with
simulations of single-layer targets [73–75].

In this paper we investigated this concept with simulations of double-layer target, namely
deuterium and hydrogen layers, with an initial sinusoidal interface corrugation. The interaction
is driven by high power (80 PW) laser pulse with a steep front. The steep-front pulse can be
generated by techniques like plasma shutter, which we discussed in paper V.

We demonstrated that a corrugation fabricated on the interface of double-layer targets
leads to the development of a relativistic instability with Rayleigh-Taylor-like [71; 72] and
Richtmyer-Meshkov-like [76; 77] features. The instability development results in the formation
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4.3. Paper 3: Laser-driven generation of collimated quasi-monoenergetic proton beam using
double-layer target with interface modulations

of low-density plasma regions and high-density ion bunches between them at the positions
determined by the initial interface corrugation geometry. The bunches are then accelerated by
the laser radiation pressure as whole compact structures to energy of several GeV. Moreover,
the laser pulse can propagate through the low-density regions, creating an enfolding field
around the central bunch, preventing from the perpendicular particle expansion (see the
Supplementary Video S1 in the online version of the paper III. or its still image in Fig. 9).
These behavior results in the generation of quasi-monoenergetic, well-collimated ion beam.
Its transverse emittance is one order of magnitude lower than that in the case of conventional
accelerators.

Figure 9: Interaction of high-intensity laser pulse with double-layer target with modulated interface
(heavy-light case). Visualised in ParaView. This is a still image for the supplementary video S1,
which is available in the online version of the paper III..

To show the advantages of such interface corrugation, the target was compared with
other simulations of similar configurations – namely, double-layer target without interface
corrugation and pure hydrogen single layer target. We demonstrated that bunch structure
can be seen in proton energy spectra and density distribution only in the cases with the
interface corrugation.

The requirement of a steep-front laser pulse was demonstrated by comparison of our
results with a simulation using a full-front laser pulse. In that case the target was disrupted
by short-wavelength instabilities [73; 148; 149] driven by a gradually rising beginning of the
laser pulse, resulting in lower maximal reached energy and significant reduction of peaks in
the proton energy spectrum.

We also thoroughly investigated the influence of different laser polarizations and cor-
rugation wavelengths. The instability leading to the bunch generation developed in both
linear polarizations in 2D. However, the central bunch was significantly smaller in the "p"
polarization case. This was ascribed to artificially greater electron heating in the simulation
plane when using the "p" polarization, while the "s" polarization provides more isochoric
heating into all 3 spatial directions. In the case of the circular polarization the instability was
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mitigated and the ion bunch was not generated. The laser pulse is confined by the bubble
shaped foil and the radiation pressure is properly acting on the whole area of the laser focal
spot. The optimal corrugation wavelength for low energy spread is shown to be around the
half of the size of the laser focal spot. For substantially smaller corrugation wavelength, more
bunches of similar low density are actively developed and for substantially larger one, the
enfolding field is too broad and the central bunch spreads.

In addition to Ref. III., the obtained results were also included in conference paper [150],
revisited in the review paper I. and is included as a book chapter in Ref. [151]. The results
were presented by the author at conferences 46th EPS Conference on Plasma Physics, 2019,
Milano, Italy; SPIE Optics&Optoelectronics, 2019, Prague Czech Republic; High-Field Laser
Plasma Interaction EPS DPP satellite workshop, 2019, Milano, Italy; Eleventh International
Conference of Inertial Fusion Sciences and Applications, 2019, Osaka, Japan; 3rd Users’
Conference of IT4Innovations, 2019, Ostrava, Czech Republic; 4th Users’ Conference of
IT4Innovations, 2020, Ostrava, Czech Republic (online).

The author wrote the bulk of the manuscript text, carried out the simulations included,
analyzed the results and served the role of the corresponding author.

4.4 Paper 4: Relativistic plasma aperture for laser in-
tensity enhancement

Reference:

M. Jirka, O. Klimo, and M. Matys (2021) Relativistic plasma aperture for laser intensity
enhancement. Physical Review Research 3, 033175.
Attached as Appendix C.4

The laser pulse parameters can be improved on the target side by the addition of a thin
solid density foil in front of the target. This approach provides an on-site pulse modification
without the need to change the setup of the laser system. The relativistic laser-plasma
interaction provides an onset of relativistic transparency in the interaction of overdense
ultra-thin foils [152], affecting the temporal envelope of the laser pulse (and its prepulse) [43;
85]. The interaction with ultra-intense laser pulse results in generation of a relativistic plasma
aperture and diffraction of the laser beam [89; 90].

In this paper, we investigated the interaction of a PW-class laser pulse relevant to laser
systems like ELI Beamlines [49] with ultra-thin aluminum and silicon nitride foils using
2D and 3D particle-in-cell simulations and analytical model. We have shown that the laser
pulse diffraction on the generated aperture leads to its local constructive interference with
generated high harmonics, resulting in local intensity increase. We provided theoretical
estimates for the maximal field strength and its spatial location as a function of laser pulse
and target parameters, for both laser linear polarizations in 2D: "p" (laser electric field is
oscillating in the plane of incidence) and "s" (laser electric field is oscillating perpendicularly
to the plane of incidence).

The 2D PIC simulations showed the fundamental difference, where for the "s" polarization
the electrons from the target are driven toward the laser axis, creating two separated
relativistic plasma apertures around it. Therefore the transmitted laser field has a two-lobe
structure, resulting in an interference of two transmitted beams, later creating a symmetric
field distribution. On the contrary, for the "p" polarization the aperture is firstly created
at the laser axis and high-density electron bunches are in turns driven from the opposite
aperture edges towards the laser axis [153]. This results in an asymmetric field diffraction
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pattern with generated high harmonics propagating at angle towards the laser axis. The
estimation of the focal distance observed in the PIC simulations fits well to the theoretical
prediction of our model for both "s" and "p" polarizations. The focal distance becomes shorter
with increasing target thickness, as predicted by the theory.

The maximal achieved intensity gradually grows with target thickness till reaching the
relativistically corrected skin depth (14), where it is saturated as predicted by the theory.
The use of thicker targets results in more pronounced absorption of the laser energy into the
target (and reflection from it), reducing the maximal achieved intensity in the simulations.
This effect is stronger in the "s" polarization, as the energy transmitted through the foil is
substantially reduced compared to the "p" polarization.

In the next step we performed a computationally demanding 3D simulation using a silicon
nitride foil. The characteristic structures of the diffracted laser field in a plane perpendicular
or parallel to the polarization axis (corresponding to the "s" and "p" polarizations in 2D) were
also presented in the 3D simulation. The final dimensionless field amplitude can be roughly
estimated as the summation of the as0 and ap0 predicted from the "s" and "p" 2D cases, as
these two processes can happen independently and simultaneously in 3D and these structures
efficiently intersects each other in the 3D simulations. That yields the intensity amplification
by a factor rpas0 ` ap0q {a0s

2, using the initial dimensionless field amplitude a0. In our case
the local maximal intensity were amplified by the factor of 7.1 in the 3D simulation, which
fits well to the theoretical prediction of factor 7.0. The local intensity increase is shown in
Fig. 10.

Figure 10: The use of the plasma shutter for the local intensity increase in the 3D simulation.
Source: paper IV., with highlighting the intensity profile, reused in paper I.

In addition to Ref. IV., the obtained results were revisited in the review paper I., and
the continuation of this research, done in combination with hydrodynamic simulations, was
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included in conference paper [154]. Part of the results were presented by the author at
conferences: 63rd Annual Meeting of the APS Division of Plasma Physics, 2021, Pittsburgh,
USA (online); ELI Beamlines User Conference, 2021, Dolní Břežany, Czech Republic.

The author collaborated with his colleagues on the preparation of the manuscript, checked
the theoretical model and carried out the 3D simulation and analyzed the intensity increase.
The author also helped with the revised version of the manuscript (including response to
referees) and with the final corrections of the paper.

4.5 Paper 5: Design of plasma shutters for improved
heavy ion acceleration by ultra-intense laser pulses

Reference:

M. Matys, S. V. Bulanov, M. Kucharik, M. Jirka, J. Nikl, M. Kecova, J. Proska, J. Psikal, G.
Korn and O. Klimo (2022). Design of plasma shutters for improved heavy ion acceleration by
ultra-intense laser pulses. New Journal of Physics 24, 113046.
Attached as Appendix C.5

In the context of ion acceleration, the plasma shutter is usually a thin solid foil which is
attached to the front surface of the target with a gap between them [43; 85–87]. The laser
pulse and its prepulse need to burn through this over-dense obstacle before reaching the main
target. The shutters were already used in the laser-driven ion acceleration experiments for
mitigation of the laser prepulse [86; 87]. They caused the target (which would be otherwise
significantly pre-expanded by the prepulse) to remain opaque for the high-intensity part of
the laser pulse, improving the subsequent ion acceleration. We continued in this research,
focusing not only on the prepulse but also on the shaping of the main pulse itself. As we have
shown in the previous paper (Ref IV.) the interaction of a high-intensity laser pulse with
ultra-thin foil results in local intensity increase of the transmitted laser pulse. Moreover, a
steep front is generated at the beginning of the pulse [43; 87], which stabilizes the laser-target
interaction and mitigates the development of the transverse short-wavelength instability as
shown in Ref. III. However, a substantial part of the laser pulse energy is inherently lost via
the interaction with the overdense plasma shutter (e.g., about 50 % of the laser pulse energy
was lost in Ref. IV. for the intensity increase by the factor 7). Therefore, the advantages of
the pulse profile modifications need to overcome the laser pulse energy loss for efficient ion
acceleration.

In this paper, we investigated the interaction of a PW-class laser pulse relevant to laser
systems like ELI Beamlines [49] with ultra-thin silicon nitride plasma shutter and silver
targets using 2D and 3D particle-in-cell simulations and also their combination with output
from hydrodynamic simulations.

Firstly, we thoroughly investigated the laser pulse interaction with the shutter itself. The
transmitted laser pulse gains a steep front and becomes shorter compared to the original
pulse, e.g., by 5 laser periods (about 26% of the original pulse) in our reference 3D case. We
investigated the effect of varying shutter thickness in 2D and 3D PIC simulations focusing
on both the achieved maximal intensity and amount of the transmitted laser pulse energy.
We also compared the cycle averaged maximal dimensionless amplitude of the laser field a0
and the focus position with the theoretical model from Ref. IV. As predicted by the theory,
the a0 is rising with the thickness and the focal length is decreasing till the thickness around
the relativistic skin depth, where the values saturates and starts slowly decreasing. The
theoretical model fits well also for the 3D simulations, rising with the thicknesses from 20 nm
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to 30 nm. The saturation effect is not observed for thicker shutter and the maximal reached
intensity drops to the value of the 20 nm case. This behavior was ascribed to the fact that
the 3D case is a combination of "s" and "p" linear polarization, where the effects in the "s"
part significantly reduces the energy transmission through the thicker targets as discussed in
the previous section. Even though the maximal intensity was increased almost by the factor
of 11 in our 3D simulations for the 30 nm case, the amount of transmitted energy dropped
from about 50% (in the 20 nm case) to 28%.

Therefore, in the next step we performed a parametric study of ion acceleration from
the silver target with and without the shutter in 2D, investigating the influence of shutter
and target thicknesses and different distance between them. The dependence on the shutter
thickness showed an interesting range between 15 nm and 30 nm, where the maximal ion
energy is only slowly decreasing with the shutter thickness for the optimal target thickness of
20 nm. The maximal energy was also significantly higher compared to the simulation without
the shutter in the whole range. From this discussion we chose the parameters for the reference
3D simulations using 20 nm silver target and 20 nm shutter, which could be reasonably
represented in the 3D simulations having slightly larger cell size due to computational
constraints.

For our 3D simulations we compared the laser pulse interaction with the silver target
with and without the plasma shutter. The use of the plasma shutter resulted into increase of
maximal silver ion energy by 35 %, increase of the total number of high-energy ions in the
second half of the energy spectra and into development of a narrow beam-like structure of
accelerated ions in the plane perpendicular to the laser polarization (see Fig. 11), significantly
reducing the beam divergence.

Figure 11: Volumetric visualization of the 3D simulation of the plasma shutter (electron density,
blue scale), silver target (silver ion density, green scale) and laser pulse (a0, red scale) from paper V.
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The effects were ascribed to the generation of the steep-rising front and the intensity
increase of the laser pulse transmitted through the plasma shutter. In this configuration, the
high intensity part of the laser pulse can interact with a still mostly unperturbed target,
resulting in generation of high-density electron bunches. These bunches are responsible for
generation of strong electric and magnetic fields inside the target, which in turn affects
the electron and ion dynamics. These fields have significantly higher influence in the plane
perpendicular to the laser polarization, as the other plane is dominated by the laser pulse
itself. The structure of these fields correspond to the structure of the electron bunches,
providing conditions to focus ions towards the laser axis.

On the contrary, the target interaction with the original pulse (without the shutter)
results in its pre-expansion by the relatively long low-intensity part of the pulse. Therefore
the density of electron bunches is significantly reduced and the ion distribution is spread
outside the laser axis. Moreover, the transverse short-wavelength instability in the transverse
profile of ion density is developed, due to the long low-intensity interaction. This instability
is otherwise mitigated by the use of the shutter and the generation of the steep-rising laser
front, which corresponds to observations in Ref. III.

The application of the shutter also improved the divergence in the plane of the laser
polarization, even though the reduction is significantly lower than in the perpendicular plane.
This can be also ascribed to the steep front of the laser pulse. To demonstrate it, a several
2D simulations approximating the generated laser pulse with different steepness of the front
were performed. It was shown that till some limit the increase of the front steepness improves
the divergence of high energy ions and also their number in the region around the central
axis.

Several ion acceleration mechanisms takes place during the laser-target interaction. We
have discussed their influence in different interaction phases in 3D using the time evolution
of maximal ion energy and electron and ion density profiles (some of them are further
discussed in the appendix of the paper). In the first phase, the interaction is dominated by
the radiation pressure acceleration mechanism till the time when the target starts becoming
partially (relativistically) transparent to the incoming laser pulse. The RPA still significantly
contributes to the ion acceleration for some time afterwards. However, its influence is gradually
diminishing, as the density of the electron layer is decreasing and other mechanisms like the
hybrid RPA-TNSA [45] and Directed coulomb explosion [42] then take over the interaction.
However, the rate of increase of the maximal ion energy is then noticeably lower.

We also investigated the effect of circular polarization in the 3D configuration, as it is
often proposed for the RPA dominated regimes to increase the maximal ion energy and
reduce divergence of the ion beam [34; 68; 118; 140]. For our simulations, we obtained similar
ion energy spectra as in the simulations with linear polarization. The increase of the maximal
ion energy is slightly higher than in the linear polarization case (about 44% vs. 35%). On the
contrary the ion density and field distribution significantly differs for the circular polarization
and the effect of the divergence improvement is strongly reduced. The interaction of circularly
polarized laser pulse with the ultra-thin shutter also results in generation of a spiral like
diffraction structure of the transmitted laser pulse. The mechanism of its development and
effects on ion acceleration is currently being investigated by our group.

In the last part of the paper, we proposed the use of a double shutter scenario, where the
extra shutter would be used for prepulse filtering. We collaborated with Milan Kuchařík and
Jan Nikl from the Czech Technical University in Prague, who performed a 2D hydrodynamic
simulations of the prepulse interaction with a thin shutter. The results of these simulations
in a form of a density profile of the first shutter expanded after 125 ps of interaction were
then imported as initial configuration of a 2D PIC simulations with added the second non-
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expanded shutter and the silver foil (each of them separated by 5 µm). We have demonstrated
that the double shutter scenario also results in higher maximal ion energy and number of
accelerated high-energy ions (with energies above 80 MeV per nucleon, i.e., roughly half of
the maximal energy) compared to the case without any shutter. The value is slightly lower
than in the case of the idealized single shutter without assuming any prepulse. Nevertheless,
most of the ion energy spectra are similar, with only the tail of the spectra affected. One also
needs to keep in mind, that the prepulse needs to be assumed in the both cases for a direct
comparison. Therefore, we prepared a simulation with the silver target without any shutter
but with a prepulse. As expected the maximal silver ion energy decreases with the length of
the prepulse, as the target gradually turns from the optimized 20 nm thick target to a few
micron thick one with lower density. The direct comparison of the double shutter scenario
with the case of no shutter assuming the same prepulse of 125 ps results in the increase of the
maximal ion energy by the factor of 2.6 in the 2D simulations. The first shutter was able to
withstand the prepulse of this duration in our hydrodynamic simulations, note that a thicker
shutter can be used to filter out longer prepulses, if needed. Here we used the same thickness
of both shutters for the sake of brevity. The treatment of the ns prepulse by other techniques
like (double) plasma mirrors [88] was assumed. A prototype of the double shutter using 30
nm thick silicon nitride membranes separated by 5.88 µm silicon beads was prepared at the
Czech Technical University in Prague by our coauthor Jan Proška. We also described the
design of the whole double shutter – target scenario with a silver target.

In addition to Ref. V., the obtained results were also included in conference papers
[155–157] and revisited in the review paper I.. The results were presented by the author
at conferences: 63rd Annual Meeting of the APS Division of Plasma Physics, 2021, Pitts-
burgh, USA (online); 47th EPS Plasma Physics conference, 2021, Sitges, Spain (online);
48th EPS Plasma Physics conference, 2022, Maastricht, Netherlands (online); SPIE Op-
tics&Optoelectronics, 2021 Prague Czech Republic (online); Flash Radiotherapy & Particle
Therapy Conference, 2022, Barcelona, Spain (online); OPTO2021 Symposium on Photon and
Beam Science, 2021, Osaka, Japan (online); OPTO2022 Symposium on Photon and Beam
Science, 2022, Osaka, Japan (online); 5th Users’ Conference of IT4Innovations, 2021, Os-
trava, Czech Republic (online); ELI Beamlines User Conference, 2021, Dolní Břežany, Czech
Republic. The preliminary results gradually converging to the final results were presented by
the author at conferences: 45th European Physical Society Conference, 2018, Prague, Czech
Republic; The 35th European Conference on Laser Interaction with Matter, 2018, Rethymno,
Greece; and included in the conference paper [158].

The author wrote the bulk of the manuscript text, carried out the PIC simulations
included (hydrodynamic simulations were performed by other coauthors), analyzed the
results and served the role of the corresponding author.
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Conclusion

5.1 Summary

The goal of this dissertation was to investigate the novel schemes of ion acceleration using
2D and 3D particle-in-cell simulations of high-intensity laser interaction with solid targets,
produced by the EPOCH code. We investigated three different schemes (1) increasing laser
pulse intensity, while using low-density (cryogenic) hydrogen target to employ acceleration
mechanisms with more efficient energy scaling than the Target Normal Sheath Acceleration
(TNSA), mainly the Radiation Pressure Acceleration (RPA); (2) The use of special target
geometry and composition, namely double-layer target with interface corrugation; (3) Shaping
of the laser pulse profile by employing a plasma shutter (an ultra-thin foil placed in front of
the target). We demonstrated improvement of ion beam parameters like maximal ion energy
and/or reduction of the beam divergence in all of these cases.

In the first topic, we showed that the RPA mechanism begins to dominate over TNSA (in
sense of higher reached ion energies and number of high-energy ions) with increasing laser
intensity for the assumed laser-target parameters (cryogenic hydrogen target and multi-PW
class laser). This behavior was shown in both 2D and 3D simulations. The hole boring
version of RPA was demonstrated to be a robust mechanism with little dependency on laser
polarization or development of a reasonably long preplasma.

In the second topic, we achieved significant reduction of the energy spread and divergence
of the generated high-energy ion beam using double-layer target with interface corrugation
and high-intensity laser pulse with a steep-rising front. This conditions result in development
of a relativistic instability, fracturing target into high density ion bunches, located at the
positions depending on the initial target geometry. The central bunch is then accelerated as
a whole compact structure enfolded by the laser field, preventing from the perpendicular
particle expansion. The steep-front of the laser pulse mitigates the development of a transverse
short-wavelength instability (shorter than the interface corrugation), disrupting the target in
an uncontrolled way otherwise.

In the last topic we investigated the use of an ultra-thin solid foil (plasma shutter) for
shaping of the laser pulse. Firstly we demonstrated the local intensity increase and steep-rising
front generation of the laser pulse burning through such a shutter. Subsequently we applied
this laser pulse shaping for ion acceleration from silver target located behind the shutter.
This approach results in significant increase of maximal silver ion energy using both linearly
and circularly polarized laser pulse. In the former case, the divergence of the generated ion
bunch is also significantly reduced in the plane perpendicular to the laser polarization. In
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the later case, the transmitted laser pulse develops a spiral-like structure, its effect on ion
acceleration will be further investigated in the future work.

We also studied practical application of such ultra-thin foils, namely use of a double-
shutter scenario, where the first shutter filters out the laser prepulse, while the desired
shaping of the main part of the pulse occurs by the interaction with the second shutter.
We demonstrated the increase of maximal ion energy also in this case using combination of
hydrodynamic and 2D PIC simulations. A prototype of this double shutter was prepared
at the Czech Technical University in Prague and we discussed the design of the whole
shutter-target setup.

Our simulation data were visualized in collaboration with the VBL team at ELI Beamlines
in a form of interactive web-based Virtual Reality applications (available online [137]) which
are being used for popularization of science at ELI Beamlines and at the Czech Technical
University in Prague.

5.2 Future research and perspectives

We are currently working on the continuation of several topics investigated in this dissertation.
First one is the finishing of a manuscript for impacted journal based on the conference

paper [154], describing the intensity increase using the double-shutter scenario, where the
first shutter is expanded by the prepulse into a low density preplasma. With the right
choice of parameters, the laser pulse can undergo self-focusing when propagating through the
remnants of the first shutter and then further increase its intensity by the effects described
in Ref. IV.. We already performed new 3D simulations of this interaction, combining PIC
and hydrodynamic approach, with promising results.

The second topic is a further investigation of the principle of generation of spiral-like
laser pulse, arising from the interaction of circularly polarized laser pulse with ultra-thin
shutter showed in Ref. V. and its effect on ion acceleration from the target located behind.
We continue our collaboration with professor Kunioki Mima (Institute of Laser Engineering,
Osaka University, Japan) on this topic. Abstracts including the results from this topic were
accepted for oral presentations for conferences: Laser and Plasma Accelerators Workshop
2023, Lagos Portugal in March 2023; and SPIE Optics + Optoelectronics 2023, Prague Czech
Republic in April 2023.

We also would like to optimize our results using double layer targets with initial corrugation
for the 3D configuration, collaborating with professor Katsunobu Nishihara (Institute of
Laser Engineering, Osaka University, Japan). This is a challenging topic, where the influence
of both "s" and "p" part of the linearly polarized laser pulse needs to be considered in fully
3D configuration, together with quantum electrodynamics effects occurring in the interaction
with the high-intensity laser pulse. Some preliminary results are shown in the figure 12.
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Figure 12: Spatial density distributions of the 3D counterpart of simulation from Ref. III. at time
t “ 50 T. The deuterium ion density is represented by the orange scale and proton density by the
blue scale.

Long term prospects can be subdivided to two directions, which are related to each
other in the terms of underlying physics and expected applications: (1) To continue studying
the laser-driven ion acceleration and extending my scientific activity to the theory and
simulations of various charged particle acceleration and generation of high-energy photons in
the regimes closely related to the scientific program of ELI ERIC. (2) To study novel regimes
of particle acceleration with ultra-high energy and power. These studies need interpretation
of quantum electrodynamics effects to describe laser-matter interaction, which can change
currently known scaling of generation of high-energy charged particles and photons.
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C.1 High-quality laser-accelerated ion beams from struc-
tured targets

The following article is reproduced from M. Matys, J. Psikal, K. Nishihara, O. Klimo, M.
Jirka, P. Valenta and S. V. Bulanov (2023). High-quality laser-accelerated ion beams from
structured targets. Photonics 10, 61.
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Abstract: In this work, we reviewed our results on the prospect of increasing the quality of ion
acceleration driven by high-intensity laser pulses using low-Z structured targets. It is shown that
the radiation pressure acceleration mechanism dominates over target normal sheath acceleration
for assumed laser target parameters when the laser intensity is high enough. The target thickness is
optimized for this regime and double-layer structure is investigated. When a corrugation is fabricated
on the interface of such a target, a relativistic instability with Rayleigh–Taylor and Richtmyer–
Meshkov like features can be driven by the target interaction with a high intensity laser pulse. The
proper development of this instability leads to the generation of a collimated quasi-monoenergetic
ion beam with lower emittance, divergence, and energy spread compared to a single and double-layer
target with planar interface. A steep-front laser pulse is used in our simulations to mitigate other
type of instabilities arising at the target surface from the laser–target interaction. We discuss the use
of a plasma shutter to generate the required pulse profile, which also locally increases intensity. The
obtained shape improves the ion acceleration, including higher maximal energy and lower beam
divergence, in our simulation of a high-Z target.

Keywords: high quality; monoenergetic; ion acceleration; laser-driven; plasma; low divergence;
particle-in-cell; instability; steep front; plasma shutter

1. Introduction

Laser driven ion acceleration is currently receiving particular scientific attention for its
impressive applications, such as hadron therapy [1–3], nuclear fusion [4,5], use in material
sciences and nuclear physics research [6], and other areas [7–9]. Cryogenic (solid) hydrogen
targets provide an interesting medium for ion acceleration as they can be made relatively
thin, with low density, lacking contaminants, debris-free, and can be used in high-repetition
laser–target experiments [10–13].

In this work, we review our results on the prospect of increasing the quality of future
ion acceleration driven by the current and forthcoming multi-(tens) PW laser systems (such
as ELI Beamlines [14–16], APOLLON [17], ELI NP [18], and SEL [19]) using structured
cryogenic targets. It is shown that, with the use of a 10 PW-class laser system with pulse
duration over 100 fs and cryogenic targets of current thickness [11], the radiation pressure
acceleration (RPA) [20] mechanism dominates over the target normal sheath acceleration
(TNSA) [21,22] in both the number of accelerated protons (with energy > 10 MeV) and
the maximal reached energies [23]. The laser–target conditions relevant for RPA has been
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thoroughly investigated in this millennia, e.g., in Refs. [24–26], and the experimental indi-
cations of the RPA regime have already been observed [27–30]. Note that the laser–target
condition optimal for RPA overlaps with other mechanisms investigated at moderately
relativistic intensities [31], such as phase stable acceleration (PSA) [32,33], which is also
referred to as coherent acceleration of ions by laser (CAIL) [34]. Usually, two subregimes
of RPA are distinguished, the hole boring [35–37] for a relatively thick target and light
sail [38,39] for ultrathin targets; the transitions between them can occur by decreasing
the target areal density and/or increasing the laser pulse intensity [40]. Therefore, the
thickness of the cryogenic target for the use of a 100 PW class laser system was reduced
in our simulations [41] to be optimized for the RPA mechanism [20]. The properties of
the generated particles can be improved using structured targets made of heavy and light
ion layers [1,42–44] and by properly introducing instability, transforming the target into
compact ion bunches either from the planar target [45] or the target with a modulated
surface [46]. We investigate the introduction of the initial corrugation on the interface
between the double-layer target [41] with a high intensity laser pulse. In these conditions
a relativistic instability arises, which is determined by the target geometry, having features
of the Rayleigh–Taylor (RTI) [47,48] and Richtmyer–Meshkov (RMI) [49,50] instabilities.
Both of them are currently being thoroughly investigated [51–59]. They can be found on
different space scales ranging from the parsec-size in astrophysics (e.g., the development of
the filament structure of the Crab Nebula [60]) to a µm-size in laser-plasma, e.g., affecting
the creation of the hot spot in the inertial fusion [61]. The main differences between RTI
and RMI are shown via the experimental results [62,63] in Figure 1. The driving force is in
principle continuous for RTI, resulting in exponential growth, therefore experiencing slower
growth in early time in Figure 1 (left). RTI can occur only when the acceleration is being
driven from lighter to heavier media [51]. In contrast, the RMI behavior is rather impulsive
and a perturbation grows linearly in time, as shown in Figure 1 (right), and it can occur for
shocks directed toward either side of the interface. In the case of heavy-light direction of
acceleration, RMI exhibits a characteristic phase inversion of the corrugated interface, as
was predicted in theory [53,64,65] and shown via experiment [63]. The inversion (switch of
corrugation maxima and minima) is visible in Figure 1 (right), e.g., compare the position of
maxima and minima in sub-figures (a) and (d). In contrast, the maxima and minima stay at
the same position for RTI in Figure 1 (left).

The instability can be influenced by the fabricated interface corrugation to generate
a high-density proton bunch, which can be accelerated by the radiation pressure as a com-
pact structure. Therefore, the generated proton beam has good quality and properties such
as low energy spread, divergence, and emittance [41].

In our simulations, we use a steep-front laser pulse to mitigate the development of
other transverse instabilities (with relatively short wavelength) arising from laser–target
interaction on the target surface, usually ascribed to Rayleigh–Taylor [45,66,67] or electron-
ion coupled instability [68,69], as was proposed by theory [45] to increase the target stability.
Without this treatment, the target can be shattered into many small bunches, ignoring the
target geometry. We discuss the use of the plasma shutter (usually a thin solid foil attached
to the front surface of the target with a gap between them) [70–79] to obtain the required
pulse profile. In addition to the steep-rising front, the shutter can also locally increase the
peak intensity of the laser pulse [78]. The obtained shape can improve the ion acceleration
from the target located behind the plasma shutter, including higher maximal energy and
lower divergence [79].

The paper is organized as follows. The simulation method and parameters of the
simulations used in the particular subsections of results are described in Section 2. Section 3,
which contains the results, is divided into three sections. First, the dominance of the RPA
mechanism for the assumed parameters is shown in Section 3.1. The target thickness is then
reduced, and the influence of the corrugated interface of the double-layer target, including
the bunch generation with low emittance, divergence, and energy spread, is investigated
and compared to similar targets in Section 3.2. Finally, the foil stability is discussed in
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Section 3.3, comparing the results using steep-front and full-front laser pulses. The use of
the plasma shutter for our concept and for heavy ion acceleration from different targets is
also discussed in this section. Appendix A contains the description of the virtual reality
application (called VBL-Virtual BeamLine) used for visualization of our results.

Figure 1. Difference between RTI and RMI in a sled experimental setup. (left) RTI, the time increment
between each subsequent image is 33 ms. Reprinted from [62], with the permission of AIP Publishing.
(right) RMI, the first image is at time before the shock is delivered, the time increment between each
other subsequent image is about 83.5 ms (66 ms between the last two ones). Source [63], reproduced
with permission.

2. Methods

We performed 2D and 3D particle-in-cell simulations using the code EPOCH [80]. In
Sections 3.1 and 3.2, the quantum electrodynamics (QED) module [81] resolving non-linear
Compton scattering is included in the simulations, assuming high intensity interaction.
The EPOCH default Yee solver was used, and current smoothing option was applied. In
Section 3.1, the triangular shape of particles was used, whereas the preprocessor directive
for 3rd order b-spline shape function of the quasi-particles (PARTICLE_SHAPE_BSPLINE3)
was used in Sections 3.2 and 3.3. The main laser–target simulation parameters are shown
in Table 1, and further simulation details are described in the following paragraphs of
this section.

Table 1. The main laser–target simulation parameters. In order: Intensity I, polarization, wavelength
λ, width of Gaussian space profile at FWHM, temporal shape-duration for sin2(t) and FWHM for
Gaussian, target material, thickness, and electron density ne in the corresponding critical density nc.

Section I [W/cm2] Pol. λ [µm] Width [µm] t-Shape Target Thickness ne [nc]

3.1-2D 3× 1022 p 1.1 5 sin2(t) 320 fs H 25 µm 56
3.1-3D 1.5× 1022 p 1.1 5 sin2(t) 200 fs H 15 µm 56
3.1-VR 3× 1022 p 1.1 5 sin2(t) 200 fs H 15 µm 56

3.2-2D 1.37× 1023 s 1.0 10 Gauss 26.7 fs 2H-H (1 + 1) µm 48

3.3-3D 1× 1022 p 1.0 3 sin2(t) 64 fs Shutter Si3N4 20 nm 835
Target Ag 20 nm 2100

In Section 3.1, the laser pulse parameters of the reference 2D case are as follows:
p-polarization, peak intensity I = 3× 1022 W/cm2, wavelength λ = 1.1 µm, beam width is
5 µm, and full pulse duration is 320 fs for sin2(t) shape in intensity. Its energy corresponds
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to a Gaussian temporal profile with 150 fs FWHM. The peak power is about 9 PW and
energy is 1.35 kJ. Dependence on intensity ranging between I = 0.375 × 1022 W/cm2

and I = 3 × 1022 W/cm2 is also discussed while keeping the other parameters same
(i.e., changing pulse energy and power). The intensity of I = 1.5× 1022 W/cm2 was used
for 3D simulation. The target is made by 25 µm thick fully ionized hydrogen target with
electron density of 56 nc1.1, where nc1.1 is the non-relativistic critical density for λ = 1.1 µm.
For the 3D simulations and virtual reality visualization, the laser and target parameters
were reduced by a factor of 5/3 to 200 fs and 15 µm. For 2D simulations, square cells
with the size of 20 nm are used. Each cell occupied by plasma contains 56 electrons and
56 protons. For the 3D simulation, the cell size is 20 nm in the longitudinal direction
and 30 nm in the transverse direction. The number of particles per cell was reduced to
10 electrons and 10 protons. More information about simulation parameters can be found
in [23].

In Section 3.2 (and the first part of Section 3.3), the laser pulse parameters are as
follows: s-polarization (electric field is perpendicular to the plane of incidence), peak
intensity I = 1.37× 1023 W/cm2, wavelength λ = 1 µm, beam width is 10 µm, beam
duration at FWHM is equal to 8 laser periods T. The steep front is realized by filtering out
the low-intensity part at the front of the laser pulse until 2.4 T (i.e., 30% of FWHM) before
the peak of the temporal Gaussian profile. The double-layer target consists of light (solid
hydrogen) and heavy (deuterium) ion layers. The electron density is same in both layers
ne = 48 nc, where nc is the non-relativistic critical density for λ = 1 µm. The deuterium
layer has the same electron and ion number density as the proton layer, but two times
heavier ion mass. Square cells with the size of 10 nm are used. Each cell occupied by
plasma contains 48 electrons and 48 protons/deuterium ions. More information about
simulation parameters can be found in [41].

In the rest of Section 3.3 (results with the plasma shutter), the laser pulse parameters
are as follows: p-polarization, peak intensity I = 1× 1022 W/cm2, wavelength λ = 1 µm,
beam width is 3 µm, and full pulse duration is 64 fs for sin2(t) shape in intensity. Its
energy corresponds to Gaussian temporal profile with 30 fs FWHM of 1 PW laser pulse.
The plasma shutter is made of silicon nitride (Si3N4) solid foil. Full ionization of the
foil is assumed with electron density ne = 835 nc, where nc is the non-relativistic critical
density for λ = 1 µm . The thickness of the plasma shutter is set to 20 nm. The target,
located behind the plasma shutter, corresponds to a silver solid foil with thickness of 20 nm.
Partial ionization of the target is assumed (charge number Z = 40), electron density is
ne = 2100 nc. The mesh has square cells of the size 3 nm in 2D simulations and cuboid cells
of the size 5 nm in the laser propagation direction and 25 nm in the transverse ones in 3D.
The number of electrons in 2D is 835 particles per cell inside the plasma shutter (400 in 3D)
and 1050 inside the target (1000 in 3D), respectively. The numbers of ions correspond to
their charge ratios. More information about simulation parameters can be found in [78,79].

3. Results
3.1. The Prominence of Different Acceleration Mechanisms Using Cryogenic Targets

In order to properly optimize the target thickness and structure, one first needs
to know which acceleration mechanism to focus on. More mechanisms usually occur
during the laser–target interaction, and their interplay depends on the target and laser
parameters [82]. Currently, the most employed acceleration mechanism is the target normal
sheath acceleration (TNSA) [21,22]. In this section, we examine the shift from the TNSA
dominated regime with the increasing laser pulse intensity for low density cryogenic
targets of current thicknesses [11] and 10 PW class laser systems with pulse duration over
100 fs. Understanding of this topic then helps with choosing the parameters used for the
structured cryogenic target in Section 3.2.

In our simulations [23], the assumed intensity ranges between I = 0.375× 1022 W/cm2

and I = 3× 1022 W/cm2; the thickness of the fully ionized hydrogen target is 25 µm. We
focuses on the difference of the well established TNSA mechanism and the emerging
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mechanisms that differ from it, mainly radiation pressure acceleration (RPA). These two
mechanisms can be clearly distinguished from each other at the early and middle stages as
they act at different positions of the target. The TNSA gets involved on the rear side of the
target, whereas the RPA is acting on the front side and interior of the target. This behavior
is shown in Figure 2 using the proton energy layers (i.e., protons at various energy intervals
in the 2D simulation area) for the peak laser intensity I = 3× 1022 W/cm2. The conversion
efficiency of the laser pulse energy to the high-energy protons (exceeding 10 MeV) in this
case is about 27%.

Figure 2. Proton energy layers for hydrogen target: (a) at 190 fs (b) at 230 fs from the beginning of
laser–target interaction. The initial position of the target is between 0 µm and 25 µm (denoted by the
black line). Republished with permission of IOP Publishing, Ltd., from [23], permission conveyed
through Copyright Clearance Center, Inc.

The highest energies in the first stage (Figure 2a) are achieved by the RPA regime in
the target interior. Here, the low density of the target provides good conditions for the hole
boring phase of the RPA mechanism. The hole boring velocity inferred from our simulation
is uhb = 0.31 c, which is slightly higher than the theoretical value of uhb = 0.26 c calculated
using the analytical model [36]. The character c denotes speed of light in vacuum. In the
second stage (Figure 2b), the target is still not transparent for the laser pulse, and the most
energetic protons from the inside of the target (accelerated to velocities higher than uhb)
enter into the TNSA field behind the initial position of the target rear side (denoted by the
black line). Although the ions from both populations are now located in the same area,
they can still be distinguished from one another by the combination of their energy and
position. The energy of protons accelerated by the TNSA mechanism strongly depends
on their distance from the target rear side, with the most energetic protons located on
top of the proton cloud, as can be seen in Figure 2a. Therefore, the entering RPA protons
can be distinguished by their significantly higher energy, which does not fit the energy
layer of the surrounding TNSA protons. Thus, RPA results in higher proton energy than
TNSA also in this stage. The separation of the two populations is more visible in the
pseudo-3D visualization, with the proton energy represented also by the vertical height
(Figure 3). Here, the laser pulse (incoming from left) is represented in the gray scale, the
electron density by the turquoise scale, and the scale for proton energy is ranging from
white (zero energy) to purple (about 400 MeV) to light blue (over 600 MeV). Note that
for this visualization, the laser and target parameters were reduced in the similar way as
for the 3D simulations (factor of 5/3) discussed below, and only the protons reaching the
highest energy at the end of the simulation (above 300 MeV) are being tracked (see more
information in [83] and in Appendix A). The interactive visualization (available online [84])
is made in the virtual reality web-based application [85], discussed in Appendix A.
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Figure 3. VBL visualization of different proton populations using the hydrogen target: (a) at time
frame 67, (b) at time frame 110. The dots represent the simulated protons (only protons that exceed
300 MeV at the end of the simulations are included); the vertical height and color denote their energy
using the white–red–blue scale. Laser pulse intensity is represented by the gray scale, electron density
by the turquoise scale, and both values are also visualized using the vertical height. The interactive
VBL application of the full time evolution is accessible online [84].

The third stage may occur if the laser pulses reach the rear side of the target and
eventually punch through it, which happens around time t = 270 fs in the simulation
with maximal intensity shown in Figure 2. The protons can be further accelerated to very
high energies around the onset of the relativistic transparency by regimes such as the
hybrid RPA-TNSA mechanism [86,87], break-out afterburner [88,89] and directed Coulomb
explosion [90]. To see the dependence of the mechanisms interplay on intensity, other
simulations were performed with the same parameters but with lower pulse intensities
(and thus lower pulse power). Figure 4a shows the time evolution of the maximal reached
proton energy by RPA (solid lines) and TNSA (dashed lines) in these simulations. Note
that, for the times after the laser pulse burns through the target, all the ions originated from
the target interior are labeled as RPA in Figure 4a for the sake of brevity.

a) b)

Figure 4. Maximal proton energy and ion spectra from hydrogen target. (a) Temporal evolution
of maximum energies of protons accelerated by the RPA and TNSA mechanisms for various laser
intensities. (b) Proton energy spectra for linearly and circularly polarized laser beams in 2D and 3D
simulations at 260 fs from the beginning of the laser pulse interaction. Target thickness is reduced
to 15 µm and pulse duration to 200 fs. Peak intensity I = 1.5× 1022W/cm2. Republished with
permission of IOP Publishing, Ltd., from [23], permission conveyed through Copyright Clearance
Center, Inc.

The RPA mechanism accelerates protons to higher energies than the TNSA in our
simulations with intensities above 0.75× 1022 W/cm2. Note that, for these simulations, the
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laser pulse reached the rear side of the target, as further discussed in reference [23]. For the
lowest intensity case, the target is too thick for an efficient RPA acceleration, and the TNSA
plays the role of the dominating mechanism in the sense of proton energy.

Two-dimensional simulations are known to usually overestimate the maximal reached
energy and heating of electrons (especially in the linear p-polarization) [89,91]. Therefore,
our findings are also verified via 3D simulations. Intensity I = 1.5× 1022 W/cm2 is chosen
for the demonstration. Both the laser pulse duration and target thickness are reduced by
a factor of 5/3 to 200 fs and 15 µm due to computational constraints. Corresponding 2D
simulations with the same reductions and simulations with the circular polarization were
also performed for comparison. The proton energy spectra at the time 260 fs are shown in
Figure 4b. Unexpectedly, the 3D simulations resulted in higher maximal energy than their
2D counterparts for our parameters with a relatively thick target. Further examination by
separation of TNSA and RPA protons shows that only the energy of ions accelerated by
RPA is higher in the 3D simulations. For example, before mixing these two populations
at time 180 fs, the maximal energy of RPA protons increases from 180 MeV to 255 MeV
when the third dimension is included. In this stage, the RPA mechanism represents a clear
hole boring phase. This increase can be explained with the effect of the self-focusing of the
laser beam propagating in the plasma. The laser pulse intensity is thus higher in 3D, as the
self-focusing is not limited into just one plane as it is in 2D (see the comparison of electron
density and electric field in Figure 6 in [23]). Consequently, the hole boring velocity (and
thus the proton energy) is higher in 3D.

In contrast, at the same time instant, the energy of protons accelerated by pure TNSA
decreases from 155 MeV to 80 MeV, which corresponds to the previous observations related
to higher electron heating in 2D [91].

Circular polarization is often proposed for the laser pulse interaction with ultra-thin
targets as it can improve the foil stability and reduce the electron heating and consequently
results in higher ion energy [28,66,67,92]. In our simulations, these advantages diminish
as the larger thickness of the target prevents it from immediately breaking. The electron
heating at later stages is also similar in the linear and circular polarization due to the
bending of the target surface (see the discussion in [23]). Therefore, the proton energy
spectra of 3D simulations are similar until the energy is approximately 185 MeV. The linear
polarization enhances the tail of the proton spectrum, resulting in higher maximal energy
than the circular one in our simulations. This behavior can be ascribed to the presence of
the oscillatory component of the ponderomotive force.

3.2. Improving Ion Properties Using Double-Layer Targets with Interface Corrugation

On the basis of our findings in the previous section, we choose the cryogenic target
optimized for the RPA mechanism in our next study involving future 100 PW class laser
systems. The optimal thickness l [20] of such a target can be expressed as:

l
λ
=

a0

π

nc

ne
, (1)

yielding the thickness of 2 µm for our laser and target parameters (see Section 2). Here, a0
is the dimensionless amplitude of the laser electric field.

The properties of the ions accelerated from the solid target can be improved by its
proper structuring. In our preliminary results in [93], we briefly compared the sinusoidal
corrugation on the interface of a double-layer target with the one on the surface of single-
layer-target and with the target without a corrugation (see Figure 5a–c).
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d)

Figure 5. Structured targets and generation of proton bunch, source of the left part (a–c) [76]. Initial
configuration of deuterium layer (blue) and proton layer (orange) in the cases: (a) double–layer
target with the modulation on the interface, (b) single–layer target with the modulation on the front
surface, (c) without the modulation. (d) Visualization of case (a) during the laser–target interaction.
Coloring: electric field (gray), density of deuterium (blue) and hydrogen (orange). Colors saturated
with maximum value set to the initial density. Values are also represented by the vertical height. The
distinguished high density proton bunch enfolded by the laser pulse is developed. Source of (d): [94].

The corrugation located at the interface of a double-layer target is especially interesting
as it resulted in a significant peak in ion spectra (more significant than in the reference
case of surface modulation as is briefly discussed in Section 3.3). The interface corrugation
was then thoroughly investigated in [41]. Figure 5d contains the visualization of the target
density (deuterium: blue, proton: orange) and laser pulse electric field (gray). The values
are also represented by the vertical height. The interaction of the laser pulse with the target
results in the rise of the relativistic instability, with RTI and RMI features depending on the
target geometry. The target is fractured into high density regions (located around the initial
corrugation maxima at positions −5 µm, 0 µm, and 5 µm) and low density regions between
them (around the initial minima). Moreover, as can be seen in Figure 5d, the laser pulse
enfolds the central proton bunch, limiting the bunch broadening in space. Therefore, the
ions are accelerated by the radiation pressure as a compact structure, having a low energy
spread. The quality and properties of these protons are summarized in Figure 6a–c.

Figure 6. Properties of the ion beam. (a) Time evolution of the tail of the proton energy spectra in the
HL case, (b) proton energy spectra of the HL case at time t = 47 T, with highlighted FWHM section
used for (c) angular distribution, (d) proton energy spectra (corresponding deuteron energy spectra in
inset) for various targets (see details in the text) at time t = 47 T. Reprinted from [41], with permission
from Elsevier.

Figure 6a shows the time evolution of the tail of the proton energy spectra. Although
the bunch structure is spreading in the later stages, the bunch structure is presented until
the end of the simulation. Moreover, the structure is gradually shifting towards the end of
the energy spectra with time. The time at 47 T (blue line) is further examined in Figure 6b,c.
The average energy of the bunch is 1882 MeV, its bandwidth at FWHM is 67 MeV, and
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energy spread is about 3.7%. The energy conversion of the laser pulse into the protons
inside the bunch is around 3.4%. The conversion into all protons propagating in the forward
direction is around 28.7%. The red part of Figure 6b denotes the part of the beam above its
FWHM. The angular spectrum of this red part is shown in Figure 6c using the logarithmic
scale. The beam is well collimated, with the angular spread 2θ = 0.65◦ (at FWHM), the
solid angle Ω = 2π(1− cos(θ)) = 0.1 mrad, the normalized rms transverse emittance [95]

εrms =
√
〈y2〉〈p2

y〉 − 〈ypy〉2/mpc = 0.046 mm ·mrad, where mp and py are proton mass
and momentum in the y-direction. This emittance is one order of magnitude lower than in
the case of conventional proton accelerators [96], but still one order of magnitude higher
than the emittance reported in [97] (where the energy range of protons was lower than in
our case, up to 10 MeV). The transverse emittance can be also defined in real space via
the beam divergence as in [98], yielding emittance εy = 0.218 mm ·mrad and divergence
Θdiv = 0.038 rad.

To show the effect of the corrugation, this simulation of the deuterium-proton layer
(configuration shown in Figure 5a), denoted as HL (heavy-light), is compared with other
simulations. Specifically, simulations of a double-layer target without corrugation (HL-
WO), the double-layer target with corrugation, but with opposite order of layers (LH,
light-heavy), and the single-layer hydrogen target (L2), (see the details in [41]). Both cases
without the corrugation (HL-WO and L2) do not provide a significant peak in the energy
spectrum (Figure 6d). The LH case provides a peak but with lower energy and higher
energy spread. This behaviors correspond to the proton density shown in Figure 7.

Here, the density is denoted by the vertical height, and the color represents the proton
energy at that position. Both simulations with corrugations (Figure 7a,b) generate and
maintain the high density bunches influenced by the target geometry as described above.
In contrast, the non-corrugated cases (Figure 7c,d) generate a bubble structure typical for
RPA acceleration of a planar target [45]. The RPA mechanism then can accelerate a smaller
part of the particles at the bubble front to very high energies, but without the desired peak
in the proton energy spectra, which is provided by the corrugation.

The influence of different laser polarization and corrugation wavelengths in the HL
case is also thoroughly investigated in [41]. The instability leading to bunch generation
(and peak in the ion energy spectra) also developed in the case of p-polarization. However,
the central bunch was significantly smaller compared to the s-polarization case (shown
in this section). This behavior was explained by artificially greater electron heating in the
simulation plane in the p-polarization, as previously demonstrated in [89,91]. In contrast,
the instability was mitigated in the case of circular polarization, and the ion bunch was not
generated. The optimal corrugation wavelength was shown to be around the half of the
size of the focal spot, which is used in the simulations in this section.

Figure 7. Spatial density distributions at time t = 47 T. The proton density is represented by the
vertical height, and proton energy is represented by the blue to yellow scale. The simulated cases are:
(a) HL, (b) LH, (c) HL–WO, (d) L2 (see parameters of all the targets in the text). Reprinted from [41],
with permission from Elsevier.
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3.3. Target Stability and Generation of the Steep-Front Laser Pulse

The foil stability is often worsened by the onset of unwanted kinds of instabilities.
Especially with the treatment of a relatively short wavelength (independent on the target
geometry), transverse instability arising from the laser–target interaction needs to be
assumed. This instability is usually ascribed to Rayleigh–Taylor [45,66,67] or electron–ion
coupled instability [68,69]. For the sake of brevity and its shorter wavelength compared to
the desired instability driving the bunch generation discussed in Section 3.2, this instability
will be referred to as short-wavelength instability regardless of its origin hereinafter. Its
uncontrolled development results in the lower efficiency of ion acceleration in our case, as
the target is shattered into many small bunches, as can be seen in Figure 8a.

Figure 8. Short-wavelength instability. (a) Spatial distributions in the HL-FF (with full-front laser
pulse) case at time t = 14 T. Blue and red scales represent deuterium and proton densities, with
maximum value set to the initial density. Full density is indicated by the vertical height. (b) Proton
and deuteron energy spectra for HL (steep-front, interface corrugation), HL-FF (full-front, interface
corrugation), and L2-SM (steep-front, surface corrugation) cases at time t = 47 T. Reprinted from [41],
with permission from Elsevier.

As noted in Section 3.1, circular polarization is often used for improving foil stability
by mitigation of instabilities. However, circular polarization cannot be applied to our
scheme, as it would weaken both the desired and unwanted instabilities, lowering the
energy and quality of the proton beam in our simulations (see details about polarization
dependence in [41]).

In our simulations, we use a steep-front laser pulse as proposed by theory [45]. Under
this condition, the unwanted short-wavelength (RTI-like) instability does not have enough
time to significantly develop. On the contrary, the wanted relatively long-wavelength
instability induced by the target geometry (with RMI features) can immediately respond
to the high radiation pressure and develop properly. This approached was used in all
simulations presented in Section 3.2, where the steep-front was simulated by filtering
out the beginning of the laser pulse until 2.4 T before the peak of the laser pulse. The
simulation shown in Figure 8a represents the uncut full front, being 8 T longer. The effect of
the laser front steepness on ion acceleration is shown in the ion energy spectra in Figure 8b.
With the use of the full-front laser pulse (HL-FF), the distinctive good-quality peak in the
proton spectrum is not developed. A less distinctive, relative broad peak is present, but
at significantly lower energy compared to the steep-front case. The proton spectrum is
somehow similar to the one of a single-layer hydrogen target with corrugation on its surface
(L2-SM, configuration shown in Figure 5b), where the driving instability also originated
from the surface. The foil disruption in the HL-FF case also reduces the maximal proton
energy. In contrast, the energy of deuterons from the first layer is enhanced compared to
the steep-front case, as they are more mixed with the protons.

The required steep-front laser pulse can be generated by several phenomena. If the
laser pulse propagates through an underdense plasma [99–101] or a near critical density
plasma [102–108], the desired shape can develop through the nonlinear evolution of the
laser pulse. Another method is to use a thin overdense plasma foil (usually referred to as
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a plasma shutter [70–79]). The front of the laser pulse (with low intensity) is filtered out
and the desired (high intensity) part propagates through the foil undergoing relativistic
transparency, gaining the steep-front profile. In our further research, we focuses on the
plasma shutter technique, first with a PW-class laser pulse utilizing a silicon nitride (Si3N4)
plasma shutter. The plasma shutter made of this material has several advantages, such as a
well defined surface, commercial availability in various thicknesses, and high quality of
mechanical and optical properties [109,110]. A visualization of our 3D simulation [78] is
shown in Figure 9a.

Figure 9. Plasma shutter. (a) The distribution of the laser intensity in the horizontal slice of the laser
pulse from 3D simulation with the plasma shutter when the maximum intensity value is reached,
source [78]. (b) The 1D profile (at y = 0 and z = 0) of dimensionless amplitude of the electric field in
the y-direction (a0y) after the laser pulse propagates through the plasma shutter in the 3D simulation.
Comparison of the transmitted laser pulse (W/1xSh) with the original one (W/O–Sh). Steep front
is generated, its envelope is approximated using the equation y = 140 · sin(π · x/9.2). Source [79].
Figures reprinted under the terms of the Creative Commons Attribution 4.0.

The laser pulse burns through the plasma shutter, shaping its profile and creating the
so-called relativistic plasma aperture [111]. Consequently, the laser pulse is diffracted on
such an aperture and, due to its constructive interference with generated high harmonics,
the local intensity is amplified [78]. Local amplification by a factor of 7 (from the initial
intensity of 1× 1022 W/cm2) can be seen in the highlighted area of Figure 9a, where the 2D
profile of the laser pulse intensity in the polarization plane (x-y) is shown. Figure 9b shows
the 1D profile (at the center of the pulse) at a later time, when the envelope stabilizes [76].
The blue line represents the original pulse in the simulation without the plasma shutter
(W/O-Sh), and the red line is from the simulation with the plasma shutter (W/1xSh). The
pulse front is about five periods shorter and significantly steeper compared to the original
pulse. The maximal amplitude of this central (1D) profile is also enhanced, although the
main intensity amplification occurs off-axis, as shown in Figure 9a. The application of the
produced laser pulse for ion acceleration from a silver target was briefly investigated, with
the preliminary results in [76], and then thoroughly discussed in [79], where the position
of the target was also optimized. The setup of this 3D simulation is shown in our VR
application in Figure 10, where the laser pulse (incoming from the left) is represented by
the red color scale, electron density of the shutter is represented by the blue scale, and the
density of silver ions from the target are represented by the green scale.
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Figure 10. Application of the plasma shutter with a silver target: VBL visualization of our simulation
of 1 PW laser (electric field: red color) interacting with the plasma shutter (blue: electron density) and
the silver target (green: ion density). Laser pulse is shaped by the plasma shutter (resulting in the
aperture) and accelerates ions from the silver target. A high energy ion beam with low divergence is
generated. Data used for this visualization come from [79]. The interactive VBL application of the
full time evolution is accesible online [112].

The use of the plasma shutter can result in an increase in maximal energy of heavy
ions, as shown in Figure 11a, although a part of the laser pulse energy is lost during the
development of the aperture [79]. For the linear polarization, the maximal energy of silver
ions at the end of the simulation increases from 115 to 155 MeV per nucleon (about 35%)
when the plasma shutter is included in the simulation. The same effect is also observed for
the circular polarization, where the maximal energy increase is even slightly higher (about
44%). Moreover, in the case of linear polarization, the divergence of the accelerated ion
beam in the x-z plane (Figure 11c) significantly decreases as the ions are focused towards
the laser axis in the plane perpendicular to the laser polarization. This beam-like structure
is visible in Figure 10 behind the silver target (green color) around the laser axis. The shutter
also has a positive effect on the beam divergence in the x–y plane, as shown in Figure 11d;
this effect was ascribed to the steep-front generation. The transverse instability in ion
density (similar to the instability in Figure 8a) is also reduced when the shutter is included
(and the steep-front is generated); see the full discussion in [79]. This finding corresponds
to the results discussed above. In addition, two (or a series of) plasma shutters can be
used to mitigate the prepulses accompanying the main pulse, thus also improving the laser
contrast. The double-shutter scenario was investigated using a combination of 2D PIC and
hydrodynamic simulations in [79]. The first shutter can withstand the assumed sub-ns
prepulse (treatment of ns and ps prepulses by other techniques is assumed; alternatively
increasing the thickness of the first shutter may filter out longer prepulses), whereas the
steep front generation and the local intensity increase occurred via interaction with the
second non-expanded shutter. The increase in the maximal ion energy compared to the
2D simulation without any shutter is also demonstrated in this case. A prototype of such
a double shutter is presented and the design of the whole shutter-target setup is discussed
in [79].
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Figure 11. Properties of silver ions from the 3D simulations with the plasma shutter (W/1xSh) and
without (W/O-sh) for linear (LP) and circular (CP) polarization. (a) Energy spectra at the end of the
simulation (t = 70 T), (b) time evolution of the maximal energy. Angular distributions of ions with
energy over 55 MeV per nucleon in the x-z plane (c) and x-y plane (d). Source: [79]. Figures reprinted
under the terms of the Creative Commons Attribution 4.0.

According to our findings, the plasma shutter provides a promising possible solution
to the question of target stability via steep-front laser pulse generation. However, further
research and optimization is required for its application for the interaction of 100 PW class
lasers with double-layer targets.

4. Discussion

In this work, we review our results on the prospect of improving the quality and
properties of protons accelerated by future laser systems using cryogenic targets. It is
shown that, for these low density targets, the RPA mechanism can become the dominant
acceleration regime. The domination is stronger with increasing laser intensity. The use of
structured double-layered targets with interface corrugation in our simulations results in
the occurrence of a relativistic instability influenced by the target geometry. Its development
leads to the generation of a high-density and high-energy proton bunch. This bunch is
accelerated by the dominant RPA mechanism as a compact structure, resulting in a proton
beam of high quality. It includes low divergence, transverse emittance, and energy spread
of accelerated protons. This beam is not developed in the reference cases without the
corrugation on the target interface.

We further discuss the stability of this laser–target interaction. Another instability
arising rather from the laser interaction with the target surface (with shorter wavelength
compared to the interface corrugation assumed) needs to be reduced in order to generate
the high-quality proton bunch. It is shown that the development of this short-wavelength
instability is mitigated using a steep-front laser pulse. We propose the use of the plasma
shutter to obtain the required laser pulse shape. Although a part of the laser pulse energy
would be lost, the transmitted laser pulse will gain the steep-front time profile and locally
increase the peak pulse intensity. This concept has been shown advantageous for ion
acceleration using a PW-class laser pulse, improving both the maximal ion energy and
beam properties [79].

The optimization of shutter parameters for use with the structured targets and laser
systems with higher power assumed in this work will require additional research. The fully
3D simulation of this concept will be performed in the future.
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Abbreviations
The following abbreviations are used in this manuscript:

RPA Radiation Pressure Acceleration
TNSA Target Normal Sheath Acceleration
RTI Rayleigh–Taylor Instability
RMI Richtmyer–Meshkov Instability
HL Heavy-Light
LH Light-Heavy
HL-WO HL without Modulation
L2 Light Single-Layer with the Same Thickness as HL
HL-FF HL with Full-Front Laser Pulse
L2-SM L2 with Surface Modulation
W/O-Sh Without Plasma Shutter
W/1xSh With Plasma Shutter
VBL Virtual BeamLine
VR Virtual Reality

Appendix A. Virtual Reality Visualization

Virtual reality (VR) technology is receiving more and more attention in the field of
scientific visualization. It utilizes computational power and human–machine interaction
concepts to emulate the effect of a 3D world. The audience uses a VR headset (i.e., a device
worn on the head having small display(s), with embedded lenses and semi-transparent
mirrors) and VR controllers to interact with the objects representing the scientific datasets
and explore their complicated spatial and temporal structures in a way that makes them
easy to understand.

At ELI Beamlines, we use a custom WebGL [113] render solution in the form of a com-
plex web client–server application running inside a regular web browser. The application,
called Virtual Beamline—VBL [114], renders the output of interactive visualization in real
time (i.e., at sufficiently high frame rates) to user’s regular and VR displays. The VBL
application has been used not only for research itself, but also for educational purposes and
science popularization. The use of the VR stations located at the atrium of ELI Beamlines is
shown in the upper part of Figure A1, running the visualization discussed in Section 3.1.
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Figure A1. VBL application. (top) The use of the VBL application on the VR stations at ELI Beamlines
(photo from [83]). (bottom) Example of a visualization based on the 3D PIC simulation data [116]
using the VBL application.

The VBL application can visualize multi-dimensional mesh- and particle-based data
that may be obtained from computer simulations or experimental measurements. The raw
data must be preprocessed and converted to binary buffers that the application can read.
At this point, one should also ensure that the size of the processed data complies with the
capabilities of the machine used for the visualization. Finally, the resulting buffers together
with a scene description in a form of a JSON [115] file are stored on a web server acting as
a data input for the visualization engine of the VBL application. More details about the
VBL application can be found in [85].

As can be seen in Figure A1, the application window contains multiple viewports that
may show, apart from the full 3D view, the data projections along a certain plane or axis,
time-dependent plots of a selected parameter, textual and numerical data, etc. On top of
that, there is an additional layer containing a description of displayed dataset as well as
a graphical user interface (GUI). It utilizes d3.js library for graphical elements and dat.GUI
library for the interface providing animation control and layer visibility management.
GUI controls together with VR controllers enable users to interact with a displayed scene
by moving and scaling it in the 3D space, filtering its content, and navigating in the
animation timeline.

The bottom part of Figure A1 shows an example of a visualization based on the 3D PIC
simulation data. The simulation investigates evolution of the radial profile of a high-power
laser pulse in a low-density plasma [116]. The VBL application helped considerably to
reveal the mechanisms of coupled electromagnetic and electron rings formation during the
interaction and to understand how these structures can be controlled. The simulation was
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calculated by the EPOCH code [80]; it took ≈2× 105 core-hours, producing ≈2 TB of raw
data. The final size of the data processed for the purpose of the visualization in the VBL
application is ≈10 GB. The interactive visualization is available online [117] (note that the
client device is required to have at least 16 GB of free memory and the VR mode has been
tested for Oculus Rift in Firefox). The visualization shown in Figure 3 and the upper part of
Figure A1 has lower size (as it is based on 2D simulation) and is available online [84]. Other
visualizations made at ELI Beamlines can be viewed online [114], including the shutter
visualization [112] from Figure 10.
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A B S T R A C T

Usage of double-layer targets consisting of heavy and light material with modulated interface between them
provides a way for laser-driven generation of collimated ion beams. With extensive 2D3V PIC simulations we
show that this configuration may result in a development of a relativistic instability with Rayleigh-Taylor and
Richtmyer-Meshkov like features. Initially small perturbations are amplified during the laser-target interaction
leading to the formation of low-density plasma regions and high-density bunches between them, which are
accelerated by the laser radiation pressure as whole compact structures. That results in collimated quasi-
monoenergetic proton beam with high average energy. The properties of this proton beam such as its low
emittance (one order of magnitude lower compared to that of conventional accelerators) and divergence are
discussed. Results are compared with similar acceleration schemes such as double-layer target without corru-
gation and single-layer target.

1. Introduction

Laser-driven ion accelerators has received a great deal of interest in
last several decades as they are capable of sustaining relatively higher
accelerating gradients than their conventional counterparts, and are
currently able to accelerate protons to energies of 100 MeV [1]. With
the advent of multi-petawatt laser systems like ELI Beamlines (Czech
Republic), APOLLON (France) or SEL (China) the laser pulses will soon
reach intensities over 1023 W/cm2 entering the acceleration regimes
dominated by radiation pressure [2,3], which promises proton/ion
acceleration above energy of several GeV.

Studies of the high-intensity laser interaction with single-layer
planar targets [4] shows the development of relativistic Rayleigh-
Taylor [5,6] like instability (RTI) leading to the formation of low-
density regions and high-density ion bunches between them. The bun-
ches exhibit quasi-monoenergetic behavior [4,7]. The instability can
develop in a controlled way, when a corrugation is imprinted on the

front surface of the target [8]. Bunches are then generated at the po-
sitions determined by the corrugation geometry.

The composite targets, consisting of planar heavy and light ion
layers, have also been considered for generation of high quality ion
beams [9–12] required for various applications as hadron therapy [13]
and nuclear fusion [14,15]. When the corrugation is tailored on the
interface between two different layers, rather impulsive Richtmyer-
Meshkov [16,17] like instability (RMI) can develop.

These two instabilities belong to the same family group and are being
thoroughly investigated [18–23], as they play important roles in various
fields as the astrophysics (e.g., in the development of the filament struc-
ture of the Crab Nebula [24]) and are affecting the creation of the hot spot
in the inertial fusion [25]. The main differences between them are the
dependence of the instability appearance on the duration of the driving
force and the direction of the acceleration toward the interface [18]. The
driving force of RTI is in principle continuous, while RMI is impulsive. RMI
can occur when the acceleration is directed toward either side of the
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interface, whereas RTI can occur only for the direction from lighter to
heavier media [18]. Moreover, in the case of heavy-light direction of ac-
celeration, RMI exhibits characteristic phase inversion of the corrugated
interface as was shown theoretically [20,26,27] and in the experiments
[28]. Several theoretical models of RMI are known, including the exact
linear solution [27], asymptotic solution [29,30] and relativistic solution
[31]. Behavior of RMI can be also explained by the description of velocity
shear induced at the corrugated interface [21,22].

In this paper we present a positive effect of a controlled develop-
ment of collisionless relativistic instability with RMI-like features on ion
acceleration. The instability originates from the interaction of steep-
front high-intensity, high-power laser pulse (with intensity of 1023 W/
cm2 and power of 80 PW) with a double-layer target having interface
modulation. The assumed laser pulse is linearly polarized. This is in a
direct contrast to several schemes for monoenergetic bunch generation,
which have some similar features, but require circular polarisation. This
includes, e.g., using of single-cycle laser pulses [32]; generation of self-
organizing proton beam by stabilizing the central part of the foil, while
letting the laser pulse propagate around it through unstable transparent
wing regions [33]; using of dual parabola target [34] or shaping the
target in the transverse direction to match the laser intensity profile
[35]. The laser pulses assumed in these schemes (single-cycle and tra-
pezoid) also inherently provide some sort of steep-front, required in our
case, as the intensity rises from minimum to maximum in less (equal)
than one laser period (trapezoid pulse profiles with rising ramps with
the length of one and ten periods were compared in Ref. [33], longer
ramp resulted in lower ion energy; ramp with the length of five laser
periods was used in Ref. [34]). The circular polarisation is often pro-
posed for the stabilisation of the foil by suppressing the instabilities
[36,37]. Therefore, the linear polarisation is needed in our case to
embrace the instability development.

Initially small perturbations at the interface are then amplified
during the laser-target interaction, leading to the formation of low-
density regions at the positions determined by the initial perturbation
geometry and high-density plasma bunches between them. The bun-
ches, with higher density than the density of the initial foil are then
accelerated by the laser radiation pressure as whole compact structures.
Moreover, the laser field propagating through the low-density regions
enfolds the central plasma bunch, preventing from the perpendicular
particle expansion. These behaviors result in the generation of quasi-
monoenergetic, well-collimated ion beam with the average energy in
the multi-GeV range and transverse emittance of one order of magni-
tude lower than that in the case of conventional accelerators. The laser
accelerated high-energy ion beams from composite targets may also
find applications in material sciences and nuclear physics research [38].

The paper is organized as follows. The simulation method and
parameters are described in Section 2. Section 3, containing results, is
divided into four subsections. Firstly, the mechanisms of the develop-
ment of the instability with RMI-like features and beam generation are
described in Section 3.1. Then the properties of the collimated quasi-
monoenergetic proton beam such as its low emittance and divergence
are discussed in Section 3.2. The effects of different laser pulse polar-
isation and corrugation wavelength are studied in Section 3.3. Lastly,
our acceleration scheme is compared with schemes with different
configurations such as using double-layer target without interface
modulation, single-layer target and a case where full-front laser pulse is
used instead of the steep-front pulse in Section 3.4. After the Conclu-
sions Section 4, the Appendix A follows, describing visualisation of our
data in the form of figures, videos and a web-based application with
virtual reality mode [39]. The supplementary videos of time evolution
of a selected simulation case are also included there.

2. Simulation method and parameters

To demonstrate the ion acceleration scheme based on double-layer
target with corrugated interface between two ion species and its

advantages compared to targets without corrugations we performed 2D
particle-in-cell simulations using the code EPOCH [40]. The QED
(quantum electrodynamics) module [41] resolving non-linear Compton
scattering is included in the simulations, since this phenomenon occurs
in the assumed laser intensity range.

In our case, linearly s-polarized (electric field is perpendicular to the
plane of incidence) Gaussian laser pulse with a steep front incidents
normally on the target. The radiation wavelength is = µ1 m and the
peak intensity is = ×I 1.37 10 W/cm ,max

23 2 thus yielding dimensionless
amplitude =a eE m c I µ/ 0.85 [10 W cm ] [ m] 315e0 0

18 2 2 . The cri-
tical plasma density is equal to = ×n m e/ 1.115 10 cmc e0

2 2 21 3.
Here, E0 is the electric field amplitude, ϵ0 is permittivity of vacuum, ω is
laser angular frequency, me and e are electron mass and charge, re-
spectively, and c is speed of light in vacuum. The amplitude a0 can
locally exceeds value of 500 in our simulations, due to the self-focusing.
Therefore, implementing of radiation friction in QED regime [42] is
required in our case. The laser beam width at the full width at half
maximum (FWHM) is 10 λ and beam duration at FWHM equals to 8
laser periods T. The steep front is realized by filtering out the low-in-
tensity part at the front of the laser pulse till 2.4 T (i.e., 30% of FWHM)
before the peak of the temporal Gaussian profile.

The laser profile can be produced by several methods, e.g., by using
a thin overdense foil, so-called plasma-shutter [43–48] or it may occur
due to the nonlinear evolution of the laser pulse propagating through an
underdense plasma [49–51]. This approach may also improve spatio-
temporal contrast of intense laser beam in possible future experiments
by filtering a prepulse that accompanies the main pulse [52]. The
generated steep front of the laser pulse can reduce the development of
transverse short-wavelength instabilities (hereinafter referred as SWI),
as proposed in theory [4]. These instabilities cause the disruption of
even initially planar foils during radiation pressure acceleration and are
usually ascribed to RTI [4,36,37] or electron-ion coupled instability
[53,54]. Reduction of SWI then enables the development of long-wa-
velength instabilities induced by the target geometry.

The double-layer target consists of light and heavy ion layers. The
light layer is made of solid hydrogen with electron density =ne

×5.36 10 cm ,22 3 i.e., 48 nc. It corresponds to targets already demon-
strated in experiments [55] (with thickness down to 20 μm). The heavy
layer consists of corresponding cryogenic deuterium with the same
electron and ion number density, but with two times heavier ion mass
than in the case of the light layer. Therefore, the Atwood number

= + = ±A m m m m( )/( ) 0.33,2 2 1 1 2 2 1 1 where m1,2, ρ1,2 are the ion
masses and densities at the front (1) and rear (2) layers. The sign de-
pends on the direction of the acceleration, i.e., plus for the light-heavy
(LH) case and minus for the heavy-light (HL) case.

The wavelength of the initial sinusoidal interface perturbation is 5 λ
and its amplitude is set to 0.25 λ. The phase of the modulation is shifted
by π between HL and LH cases in order to ensure the maximum number
of proton particles around the y-axis. Target thickness is set to 2 λ (1 λ
per each layer), corresponding to the optimal thickness l for radiation
pressure acceleration mechanism

=l a n
n

.c

e

0

(1)

The radiation pressure acceleration mechanism starts to dominate over
more traditional target normal sheath acceleration mechanism for these
relatively low-density (but still overdense) targets, like cryogenic hy-
drogen, at even lower intensities [36,56,57].

The laser plasma interaction occurs in the simulation box with the
size of 80 λ× 40 λ. The mesh has square cells. The size of the cells is set
to 0.01 λ to be shorter than the plasma skin depth c/ωpe ≈ 0.02 λ,
where ωpe is electron plasma frequency. Since the 3rd order b-spline
shape of the quasi-particles and current smoothing are used in our si-
mulations, it is ensured that numerical heating is strongly reduced even
for the cells larger than the plasma Debye length [40]. The simulation
time step has been set by EPOCH code in order to satisfy CFL (Courant-
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Friedrichs-Lewy) condition [58] to × T6.7 10 3 . Each cell inside the
plasma slab initially contains 48 quasi-particle electrons and the same
number of protons or deuterium ions, respectively. Temperatures of all
particles are initialized to 5 keV to further reduce numerical heating.
The particle solver begins to move the particles just a few time steps
before the arrival of the laser pulse front to the target. Target is placed
at the position =x 0, situated 10 λ from the simulation box boundary in
the direction of the laser propagation. The time instant, when the laser
pulse front reaches the edge of the plasma is referred as =t 0. The
transverse size of the target is 40 λ, i.e., the target is reaching the si-
mulation box boundaries at positions = ±y 20 where thermal
boundary conditions for particles are applied.

3. Results

3.1. Mechanisms of the beam generation

Despite its relatively low density, the target does not become fully
relativistically transparent, as would be suggested by linear analysis
ne < γnec [59] (where = + a1 /20

2 for linear polarisation), since
electrons from the front layer are being pushed into the target by the
ponderomotive force, piling up the initial electron density. Therefore,
the radiation pressure can still be efficiently acting on the target [56],
driving a collisionless compression wave propagating toward the cor-
rugated interface in the middle of the target (see Fig. 1-a and -e). For
the sake of brevity and continuity with the currently established fluid
RMI theory [18], this shock-like jump discontinuity will be hereinafter
referred as shock and its reflection in the HL case as rarefaction [20].

In the case of HL interaction, the shock reaches the interface at time
=t T1.25 (see Fig. 1-a). Therefore, the average shock speed is above

0.6 c. The incident shock interacts with the corrugated interface (Fig. 1-
b). The reflected rarefaction wave is observed in Fig. 1-c. Time evolu-
tion of phase inversion of the corrugated interface (i.e., switching the
positions of corrugation maxima and minima), characteristic for RMI in
the HL case, can be observed comparing the areas at the left hand side
of Fig. 1. Particularly, at the y-positions ± 2.5 λ (inversion from

corrugation minima in Fig. 1-a to maxima in Fig. 1-d) and at the y-
positions 0 λ and ± 5 λ (inversion from corrugation maxima to
minima). The phase inversion results in the stretching of the proton
layer as regions of initial corrugation minima stay behind the regions of
initial maxima (Fig. 1-d). It subsequently creates low-density regions
between them at the positions, where the initial amplitude of the cor-
rugation was zero ( ± 1.25 λ and ± 3.75 λ).

Different situation occurs in the case of LH interaction. After the
shock hits the interface, the proton layer enters into the deuterium one
and eventually propagates through it, as can be seen in the time evo-
lution at the right hand side of Fig. 1. Now the phase on the remaining
interface (at x-position around 2 λ in Fig. 1-g and -h) is kept (maxima
stay at the y-positions ± 2.5 λ and minimum at 0 λ) as predicted by
the RMI theory. Deuterium layer becomes (relativistically) transparent
to the incident laser pulse and the radiation pressure is acting on the
detached proton layer around x-positions 3 λ (Fig. 1-g) and 5 λ (Fig. 1-
h). The detached proton layer then undergoes phase inversion. How-
ever, the driving mechanism is essentially different from that in the HL
case and can be explained as follows. The momenta delivered to the
particles by the laser pulse in both rectangles presented in Fig. 1-e are
approximately the same (neglecting effects of Gaussian shape of the
pulse around axis). However, the number of protons in the central
rectangle (around y-position 0 λ) and lateral rectangle differ, i.e., less
particles receive the same amount of momenta from the laser pulse in
the case of lateral rectangle. Therefore, they can reach higher energies,
propagate with higher velocity and eventually overtake the particles
initially located inside the central rectangle.

To highlight the positions of the high-energy particles at later time
( =t T14 ), the energies of the particles are being displayed as colors in
Fig. 2 instead of density as in Fig. 1. The laser pulse (depicted with grey
color) is also included in this figure.

In the HL case (Fig. 2-a), the protons on the regions around initial
maxima (0 λ and ± 5 λ) are accelerated to higher energies than
around initial minima ( ± 2.5 λ), which stay behind. Central and lat-
eral bunches are being developed at the positions of initial maxima. The
laser pulse propagates through the (relativistically) transparent low-

Fig. 1. The development of the instability. Presented cases: HL (left column) and LH (right column). Blue and red scales represents deuterium and proton densities
with maximum value set to the initial density. Full density is indicated by the vertical height. Time instants at rows: 1.25 T, 3 T, 5.5 T and 8 T. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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density regions. The propagating electric field creates areas of high
ponderomotive potential. Electrons are then pushed to the area of lower
ponderomotive potential (i.e., lower electric field E) around the axis by
the ponderomotive force, subsequently reducing the perpendicular
movement of the ions. This field is not enfolding the lateral bunches
(around y-positions ± 5 λ) which then rapidly dissipate in time and
only central bunch is present at time =t T47 as will be shown in Fig. 9-
a. Supplementary videos of time evolution of this case can be found in
Appendix A.

In the LH case (Fig. 2-b) the central bunch reaches lower energies
than lateral areas (around y-positions ± 2.5 λ), corresponding to the
previous discussion about rectangles in Fig. 1-e. This situation is op-
posite to the HL case. The detached proton layer can confine the laser
pulse and can be accelerated as a bubble [4], till the low-density regions
appears in the lateral areas (initial maxima at the y-positions ± 2.5 λ).
Therefore, the maximal reached energy is still slightly higher at time

=t T14 in the LH case (light yellow color in Fig. 2-b) than in the HL
case (Fig. 2-a). However, due to the occurrence of the low-density re-
gions at the positions of initial zeros of the corrugation (HL case) in-
stead of maxima (LH case), more narrow bunch with higher density and
also more narrow enfolding field develop in the HL case. This behavior
is crucial for long term acceleration as will be shown later.

3.2. Beam energy and quality

In the HL case, well collimated quasi-monoenergetic proton bunch is
developed as can be seen in Fig. 3-a, where time evolution of proton
energies is shown.

Although the energy spread is increasing after time =t T47 , the

bunch structure is still kept till the end of the simulation. Moreover, the
average bunch energy is gradually shifting closer to the maximum en-
ergy during time. The average beam energy at time =t T47 reaches
1882 MeV and bandwidth (at FWHM) is 69 MeV (Fig. 3-b). Therefore,
the energy spread is about 3.7%. Angular distribution of the ions in the
beam (red part of Fig. 3-b) is shown in Fig. 3-c. This graph implies low
angular spread of =2 0. 65 (at FWHM). Therefore, the solid angle is

= =2 (1 cos( )) 0.1 mrad. The normalized rms transverse emit-
tance of these particles is = y p yp /rms y y

2 2 2

=m c 0.046 mm·mradp . Where mp and py are proton mass and mo-
mentum in the (transverse) y-direction. ϵrms is proportional to the area
of the ellipse containing particles in the phase space (y py). Referring
definition and further discussion can be found in Ref. [60]. This emit-
tance is one order of magnitude lower than in the case of conventional
proton accelerators [61], but still one order of magnitude higher than
the emittance reported in Ref. [62] for much lower energy range of
protons up to 10 MeV.

The transverse emittance can be also defined in real space via the

beam divergence = =div i
N

N1
( )i 2

as in Ref. [63]

= ×
= =N

y y4 ( ) ( ) .y i

N
i i

N
i1

2
1

2
(2)

That yields the values for protons at the FWHM of the bunch (Fig 3-b):
= 0.038 raddiv and = 0.218 mm·mrady . Assuming the whole high-

energy proton beam (from 1748 MeV, i.e., the beginning of the bunch
waist, to the maximum beam energy of 2770 MeV) the values rise to

= 0.051div and = 0.372 mm·mrady . This transverse emittance is still
two order of magnitude lower compared to the one in Ref. [63], in
which protons reached similar energies to our case (1.67 GeV) in the

Fig. 2. Spatial distributions at time =t T14 . The ion local mean energy, represented by red and blue color scales, their density, represented by the vertical height and
the laser pulse electric field in the z-direction (represented by both the vertical height and by the grey scale). Simulated cases: a) HL, b) LH. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Properties of the ion beam. a) Time evolution of the tail of the proton energy spectra in the HL case, b) proton energy spectra of the HL case at time =t T47 ,
with highlighted FWHM section used for c) angular distribution, d) proton energy spectra (corresponding deuteron energy spectra in inset) for various targets (see
details in the text) at time =t T47 .
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simulation with underdense hydrogen target.
Approximately 0.32 × 106 quasi-particles have energy within the

assumed energy range, which means about 6.7% of 4.8 × 106 quasi-
particles initially located inside the laser spot area (i.e., ± 5 λ). That
yields 1.43 × 1012 real particles and charge of 229 nC, assuming a
projection of the initial 2D flat target of 2 × 40 μm2 into a 3D cuboid of
2 × 40 × 40 μm3. Around 40.4% of the laser pulse energy is converted
into the particles propagating in the forward direction (protons: 28.7%,
deuterons: 6.1%, electrons: 5.6%). Around 3.4% of the laser pulse en-
ergy is converted into the proton particles in the energy range of
1882 ± 69 MeV (corresponding to the FWHM red part of Fig. 3-b).

3.3. Effects of different laser pulse polarisation and corrugation wavelength

Linear s-polarisation and single corrugation wavelength was used
for the simulations so far. Other polarisations and corrugation wave-
lengths are investigated in this section, as they can affect laser-plasma
interaction. The blue color line is used in graphs throughout the paper
to highlight the HL case with the default parameters described in the
Section 2.

The employment of the circular polarisation (C-pol) instead of linear
one can mitigate the instability development, inhibit a strong electron
heating and stabilize the foil as was shown, e.g., in Refs. [33,36,37]. In
the case of linear polarisation, the differences between p-polarisation
(P-pol) and s-polarisation (S-pol) may become especially significant in
the 2D geometry, as the laser polarisation is in or out of the simulation
plane, respectively.

The effects of the laser pulse polarisations on the early laser-plasma
interactions (at time =t T14 ) of our case are visualised in the terms of
proton density, proton local mean energy and laser pulse electric field
in Fig. 4.

In the case of S-pol (our default case) the instability develops, re-
sulting into the generation of three bunches (with distinctive central
one), where the radiation pressure is taking place. Laser pulse then can
propagate only through the low-density regions between them (Fig. 4-
a). The instability develops also in the case of P-pol (Fig. 4-b). However,
the lateral bunches has already dissipated and most of the foil is be-
coming (relativistically) transparent to the incoming laser pulse. Only

the central bunch still holds, but in a significantly smaller form com-
pared to the S-pol case. This behavior can be explained by artificially
greater electron heating in the simulation plane in the P-pol case, while
the S-pol case provides more isochoric heating into all 3 spatial direc-
tions as was demonstrated in Refs. [64,65]. Moreover, the target will
become (relativistically) transparent earlier in the P-pol case [65],
which affects the generation of low-density regions and then of the
bunch itself as was described in our simulations in the Section 3.1. The
extra heating of electrons in the P-pol case is visible in the electron
energy spectra in Fig. 4-d as the electrons are accelerated to higher
energy with higher temperature (which can be inferred from the flatter
slope of the curve compared to the S-pol case).

On the contrary the instability is mitigated in the case of C-pol
(Fig. 4-c). The laser pulse is confined by the bubble shaped foil and
radiation pressure is properly acting on the whole area of the laser focal
spot. The electron heating is reduced and protons are accelerated to
higher energy than both S-pol and P-pol cases by the radiation pressure
as can be seen in Fig. 4-d. However, due to the lack of instability de-
velopment no distinctive bunch structure is found in the proton energy
spectra for the C-pol case.

At the later time =t T47 the P-pol case becomes mostly (re-
lativistically) transparent to the laser pulse with only a few structures in
the electron density as can be seen in Fig. 5-a and -c. On the contrary,
the distinctive bunch structure is kept in the electron density in the S-
pol case (Fig. 5-b). The radiation pressure acceleration of the bunch is
ongoing, while the area around bunch is (relativistically) transparent as
can be seen in Fig. 5-d. Note that the energy of electrons is relatively
low inside the bunch (which means its thermal expansion is reduced)
and is significantly higher in the transparent plasma where the elec-
trons are heated and are oscillating directly in the laser field.

The extraordinary electron heating in the P-pol case becomes even
more apparent in the electron spectra at time =t T47 (Fig. 6-a) with
reaching of the transparency regime. On the contrary, the proton en-
ergies are only slightly higher in the P-pol case, which corresponds to
the discussion in Ref. [64] for the transparency regime. The stabilisa-
tion effect of circular polarisation is also visible in the deuteron spectra
in Fig. 6-b as the deuterons are accelerated to significantly higher en-
ergies than in the cases with linear polarisations. The distinctive bunch

Fig. 4. Spatial distributions and energy spectra at time =t T14 for different laser pulse polarisations: a-c) The proton local mean energy, represented by red color
scales, its density, represented by the vertical height and the laser pulse electric field in the polarisation dependent direction (represented by both the vertical height
and by the grey scale), d) proton and electron energy spectra for the corresponding cases. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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structure is visible only in the proton spectra for linear s-polarisation,
which is then employed in the simulations hereinafter. The dependence
on linear polarisation clearly distinguishes our scheme from similar
ones described in the introduction [32–35] as the circular polarisation
plays a crucial role in them.

Another parameter significantly affecting the ion acceleration in our
scheme is the wavelength of the interface corrugation λC. As was de-
monstrated in Section 3.1, the bunches are generated at the positions of
corrugation maxima and are dependent on the development of low-
density regions, located at the corrugation zeros. Therefore, a change of
the corrugation wavelength may significantly modify the geometry of
the system with a constant finite focal spot of diameter DL. The increase
of the ratio DL/λC by 0.5 then corresponds to the addition of another
two corrugation points (maxima / minima / zeros) into the system as
can be seen in the scheme in Fig. 7.

The HL simulation described in Section 3.1 corresponds to the ratio
=D / 2.0L C with 4 corrugation zeros. The low-density regions devel-

oped at the zeros further from the central axis provide a channels
converging the laser pulse toward the central axis as can be seen in
Fig. 2-a and in the scheme in Fig. 7. Therefore, an efficient bunch

should not be generated for the ratio DL/λC < 1, where this phenomena
cannot occur. For the same reason the bunch structure should sig-
nificantly deteriorate for the ratio DL/λC > 2.5 as another diverging
channel is being applied. This idea corresponds to proton spectra shown
in Fig. 6-c and is also valid for ratios DL/λC which are not multiples of
0.5 as shown in Fig. 6-d. The average bunch energy and maximum
proton energy in simulation is rising with the corrugation wavelength
(decreasing with DL/λC) till DL/λC > 1. The lowest energy spread was
achieved in the case of =D / 2L C (i.e. the HL case from the
Section 3.2). The energy spread is rising with both increasing and de-
creasing corrugation wavelength. Two phenomena play roles in this
case. The number of particles in the central bunch between the posi-
tions 1/4 C and + 1/4 C (zeros closer to the central axis) is increasing
with λC as well as the enfolding field is broadened (see Fig. 8). There,
the proton local mean energy and density for cases =D / 3.0,L C

=D / 2.5,L C =D / 1.5L C and =D / 1.0L C corresponding to Fig. 2-a at
time =t 14 T are shown. On one hand, if the corrugation wavelength is
too small as shown in Fig. 8-a, more bunches of similar low density are
actively developed. On the other hand, if the corrugation wavelength is
too large, the enfolding field is too broad and the central bunch spreads

Fig. 5. Spatial distributions at time =t T47 for different laser pulse polarisations: electron local mean energy, represented by blue color scales, its density, re-
presented by the vertical height and the laser pulse electric field in the corresponding direction (represented by both the vertical height and by the grey scale). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Energy spectra at time =t T47 for various parameters. a) Proton and electron energy spectra for simulation study cases with different laser pulse polar-
isations, b) corresponding deuteron energy spectra, c-d) the tail of the proton energy spectra of various corrugation wavelengths λC for the focal spot diameter

=D µ10 mL .
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in space as shown in Fig. 8-d. Therefore, an optimum corrugation wa-
velength is around =D / 2.0L C which is then used for comparison with
similar types of target in the following section.

3.4. Comparison with similar types of targets

To point out the effects of double-layer target and modulation on its
interface, another two simulations are performed. Namely, double-layer
deuterium-hydrogen target without modulation, referred as HL-WO,
and pure hydrogen target of the same thickness (2λ), referred as L2. The
reference time was chosen to be =t T47 as in the previous discussion.
Proton energy spectra of all the simulated cases are shown in Fig. 3-d
and corresponding proton density and energy spatial distributions are
presented in Fig. 9.

In the HL and LH cases (with the interface modulation) a bunch
structure is created in the spatial plot (Fig. 9-a and -b) and corre-
sponding quasi-monoenergetic peak is developed in the proton energy
spectra (Fig. 3-d). The trend of a more narrow bunch in the HL case
compared with the LH case, initialized by different positions of the low-
density regions of the foil, also continues in the later time. This results
into more narrow peak in the energy spectra with higher average en-
ergy in the HL case (1890 MeV compared to 1490 MeV) in Fig. 3-d.
Maximal reached energy is also slightly higher in the HL case (2770

MeV compared to 2700 MeV). Proton bunch is more shifted in space
towards the front of the overall proton cloud and less spread in the x-
direction in the HL case (compare Figs 9-a and -b).

On the contrary, HL-WO and L2 cases develop a bubble structure
(Fig. 9-c and -d), with no significant peaks in the energy spectrum
(Fig. 3-d). The maximum proton energy of the simulated cases is
reached in the L2 case (2850 MeV). This case is the best match for the
radiation pressure acceleration regime described by Eq. (1) assuming
single layer target with no induced instability. The symmetric bubble
structure holds till the reference time and proportionally small amount
of protons near the axis are accelerated to the highest maximal energies
(Fig. 9-d). Oppositely, the bubble shape is getting distorted in the HL-
WO case (Fig. 9-c), due to the multi-ion-species effects, resulting into
significantly lower maximum energy (2430 MeV).

At the same reference time deuterium ion reached significantly
lower maximal energies than protons in our simulations (see inset in
Fig. 3-d). Their energies are lower than 1200 MeV (i.e., 600 MeV per
nucleon) and the highest energy is reached in the LH case. It corre-
sponds to the observation of proton bunch being detached from the
deuterium layer, reducing further acceleration of deuterium ions.

The development of the transverse SWI is shown in Fig. 10-a. Here
the full-front Gaussian laser pulse (8 T longer) is used instead of the
pulse with the steep front. The rest of the simulation parameters,

Fig. 7. Scheme of the different geometric interaction for various corrugation wavelengths λC.

Fig. 8. Spatial distributions at time =t T14 for different corrugation wavelengths. The proton local mean energy is represented by red color scales, proton densities
are represented by vertical height. The laser pulse electric field (in the z-direction) is represented by both the vertical height and by grey scale. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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including the corrugation, are same as in the previous HL case. This
simulation case is referred as HL-FF (full front). The foil is disrupted
into relatively high number of small bunches and low-density regions
(compared to 3 large bunches at the same time instant in Fig. 2-a).

On the first hand, the foil disruption enhances the acceleration of
deuterons as they are more mixed with the protons and are kept to-
gether for longer time. Deuterons are then accelerated to maximum
energy more comparable with protons (1600 MeV and 1920 MeV for
deuterons and protons, respectively) than in the case of the steep-front
pulse (870 MeV and 2770 MeV) as can be seen in Fig. 10-b at the re-
ference time 47 T. The data for the HL-FF case are shown at time
postponed by 8 T, i.e., the peak intensity of both laser pulses reaches the
target at the same time instant.

On the other hand, the foil disruption significantly reduces the po-
tential of the radiation pressure acceleration of protons. In this case the
maximal proton energy is reduced to 1920 MeV and only a relatively
small peak in medium energies (with average energy of 690 MeV) is
created (Fig. 10-b). This behavior corresponds to previously made si-
mulations with full pulse and single layer targets [4]. Moreover, the
proton spectrum is also similar to another simulation of the steep-front
laser pulse (the same as in previous HL and LH cases) with pure 2 λ
thick hydrogen target with the same modulation introduced on its front
surface instead of the interface (referred as L2-SM). Where the average
energy of the peak is 800 MeV and the maximum energy reaches 2010
MeV (Fig. 10-b).

4. Conclusions

In conclusion, collisionless relativistic instability with RMI-like
features is observed in our simulations, using double-layer targets with
initial interface modulation and high-intensity steep-front laser pulse.
Evolution of this instability is described in the heavy-light (HL) and
light-heavy (LH) cases, resulting into a development of bunch structures
in the density distribution and proton spectra.

Well-collimated, quasi-monoenergetic proton bunch is observed for
the HL case, with the average energy in the multi-GeV range, energy
spread down to 3.7%, solid angle of 0.1 mrad, divergence of 0.038 rad
and transverse rms emittance down to 0.046 mm · mrad (at FWHM).
The emittance is one order of magnitude lower compared to that of
conventional accelerators. The energy conversion of the laser pulse into
the proton particles inside this bunch is around 3.4% and overall con-
version into all particles is over 40%.

Optimal parameters for the ultra-low energy spread are acquired
using corrugation wavelength of half of the laser focal spot diameter
and linear (s- in the 2D geometry) polarisation.

The bunch is more distinctive in the proton spectrum and its
average energy is significantly higher compared to other simulated
cases with the same target composition. These other cases are either
dominated by essentially different type of instabilities (development of
short-wavelength instability using full-front laser pulse or introduction
of the modulation on the surface of a single layer target) or the in-
stability and bunch structures are not developed (targets without initial

Fig. 9. Spatial distributions at time =t T47 . The proton density is represented by the vertical height and proton energy is represented by the blue to yellow scale.
The simulated cases are: a) HL, b) LH, c) HL-WO, d) L2 (see parameters of all the targets in the text). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 10. Short-wavelength instability. a) Spatial distributions in the HL-FF case at time =t T14 . Blue and red scales represent deuterium and proton densities with
maximum value set to the initial density. Full density is indicated by the vertical height. b) Proton and deuteron energy spectra for HL, HL-FF and L2-SM cases at time

=t T47 . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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modulation using steep-front laser pulse, reducing the development of
short-wavelength instability).

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Our work was supported by projects High Field Initiative
(CZ.02.1.01/0.0/0.0/15_003/0000449) and Extreme Light
Infrastructure Tools for Advanced Simulation (CZ.02.1.01/0.0/0.0/

16_013/0001793) from the European Regional Development Fund, by
Czech Science Foundation project 18-09560S and by the Grant Agency
of the Czech Technical University in Prague, grant no. SGS19/192/
OHK4/3T/14. This work was supported by The Ministry of Education,
Youth and Sports from the Large Infrastructures for Research,
Experimental Development and Innovations project ”IT4Innovations
National Supercomputing Center – LM2015070”, which provided
computer resources for simulations. Fruitful discussions with Professor
O. Klimo from FNSPE, CTU in Prague and ELI Beamlines (FZU - IoP
CAS) are gratefully acknowledged. Collaboration with our colleagues
from the Virtual Beamline team at ELI Beamlines including develop-
ment of web-based interactive 3D application is gratefully acknowl-
edged.

Appendix A. Data visualisation and virtual reality

Several visualization methods were used to create visual outputs from the above discussed simulation data. Firstly, raw data were imported in
ParaView [66] software to interpret them and to create visual outputs (figures and videos) describing the simulation mechanisms (see Fig. A.11-a).
Secondly, data have been presented in web-based interactive 3D application [39] (see Fig. A.11-b), which runs in a regular web browser and utilizes
VR (virtual reality) mode to offer scientists a completely new point of view of their simulations.

Here we present the videos (accessible online) of the time evolution of the simulated HL case mentioned above and in Fig. A.11 visualised in
ParaView:

VID1.mp4

and in the web-based interactive 3D application:

VID2.mp4

The second option comes together with a challenge to find the best workflow that would enable visualization of such a large datasets in a web
browser while maintaining high frame rates for smooth experience not only while using the VR headset. We have evaluated existing technologies like
VTK.js library developed directly for scientific visualization in browser as well as Three.js javascript 3D library. Unfortunately, both libraries could
not render our datasets with hundreds of timeframes with sufficient performance. The main issues were minutes-long loading times together with
insufficient frame rates for large animated datasets. Thus, we have developed custom WebGL solution [39], a framework that not only renders the
dataset on the GPU in real-time at high frame rates, but also provides orthogonal views, textual and numeric information, alongside a graphical user
interface containing timeline animation controls and layer visibility management, with additional graphical elements based on D3.js for plotting
animated graphs and legends. In order to import simulation data to this application, they are transformed into binary buffers in a node.js script so the
visualization engine can directly send them to GPU with no need for further pre-processing. Currently we are working on an implementation of our
transformation pipeline to the Jupyter notebook [67] toolchain to allow more users to create high-performance web-based VR-enabled visualiza-
tions.

Supplementary material

Supplementary material associated with this article can be found, in the online version, at 10.1016/j.hedp.2020.100844

Fig. A.11. Data visualisation. Time evolution of the simulated HL case visualised in: a) ParaView, b) web-based interactive 3D application.
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A substantial increase in local laser intensity is observed in the near field behind a plasma shutter. This
increase is caused by the interference of the diffracted light at the relativistic plasma aperture and it is studied
both analytically and using numerical simulations. This effect is only accessible in the regime of relativistically
induced transparency and thus it requires a careful choice of laser and target parameters. The theoretical estimates
for the maximum field strength and its spatial location as a function of target and laser parameters are provided
and compared with simulation results. Our full 3D particle-in-cell simulations indicate that the laser intensity
may be increased roughly by an order of magnitude, improving the feasibility of strong field QED research with
the present generation of lasers.
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I. INTRODUCTION

Nowadays, the most powerful laser systems can reach
intensity on the order of 1022 W/cm2 and the dynamics of
laser-plasma interaction becomes strongly relativistic [1–3].
One example is the onset of relativistic transparency in the in-
teraction with the overdense target [4]. The laser light cannot
propagate in the overdense target, as its frequency is lower
or equal to the frequency of the electron plasma oscillations.
However, when the intense laser field is applied, the electron
mass increases due to the relativistic motion reducing the
plasma frequency. It results in a decrease of the effective
target density and thus the intense part of the laser field can
propagate through the plasma.

Such an effect is especially important in the interaction
with a thin overdense foil, as it affects the temporal envelope
of the laser pulse [5–8]. Therefore, it has an impact on ion
acceleration and radiation generation [9,10]. It was shown that
in the case of an ultraintense laser pulse, a relativistic plasma
aperture is created in an ultrathin foil and the laser pulse is
diffracted [11]. Since the plasma electrons are driven by the
diffraction pattern of the laser field, the spatial structure of
the accelerated electron beam can be controlled by varying
the laser pulse parameters [11]. As the electron dynamics
consequently affects the spatial-intensity distribution of the
accelerated ions, such an approach could be used for optically
controlled ion acceleration [12–14].

Here we study the increase of the laser field intensity
caused by the interference of the light diffracted at the rela-
tivistic plasma aperture for the case of linearly polarized laser
pulse. It is investigated both analytically and using 2D and 3D

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

particle-in-cell (PIC) simulations. It is shown that due to the
relativistic motion of the electrons, the laser intensity can be
locally increased by almost an order of magnitude. However,
this effect is only accessible in the regime of relativistically
induced transparency and thus it requires a careful choice of
the laser and target parameters. If the target is either under- or
overdense, the relativistic plasma aperture cannot be created
and the diffraction structure responsible for the field intensity
enhancement is not present. The theoretical estimates for the
maximum field strength and its spatial location are provided as
a function of laser pulse and target parameters and compared
with simulation results.

II. INTERACTION WITH A PLASMA SHUTTER

In the following text, we study the process of laser intensity
enhancement in the interaction of an ultraintense laser pulse
(∼ 1022 W/cm2) with an ultrathin (∼ 10 s nm) plasma layer
having the electron plasma density np greater than the value
of the relativistic critical density ncγ = γ nc, where γ is the
relativistic Lorentz factor (of an electron having the charge e
and mass me) and nc = ω2

0me/(4πe2) represents the nonrela-
tivistic critical plasma density. The ion motion is neglected.
We assume a laser pulse linearly polarized along the y axis
propagating in the negative x direction focused to a spot of
radius w0. It has a Gaussian temporal envelope of full width
at half maximum (FWHM) duration τ in the laser intensity. Its
amplitude is characterized by the Lorentz invariant parameter
a0 = eE0/(meω0c), where E0 is the amplitude of the electric
field, ω0 is the laser angular frequency, and c is the speed of
light [15].

When a relativistically overdense shutter (np > ncγ ) is as-
sumed, the front part of the laser pulse is reflected from the
foil surface. However, as the laser pulse intensity grows to
its maximum value, the laser pulse starts to penetrate the
target. The dominant mechanism allowing target penetration
differs depending on the target thickness and density. In the
case of the ultrathin foil, the electrons are pushed away due
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to the radiation pressure of the incoming laser pulse. If the
thicker target is assumed, it is rather the increasing relativistic
mass of electrons that causes the foil to become relativistically
transparent so the rest of the laser pulse can pass through the
foil. Therefore, the laser field strength at which the plasma
layer becomes transparent depends on the density and thick-
ness of the foil as well as on the laser wavelength λ. In both
cases, the laser pulse acquires a steep front edge as a result of
the interaction [5–7] that can be utilized, e.g., for enhanced
photon emission due to the improved temporal contrast or
for enhancement of ion acceleration from structured targets
due to reduced development of transverse short-wavelength
instabilities [16,17]. Here we study the interaction with the
ultrathin foil. For a0 � 1 and an unperturbed plasma slab of
thickness l � λ, the laser pulse strength required for penetra-
tion of the foil (meaning that the laser pulse is able to push
all electrons away from the initial position of the foil by the
radiation pressure) can be estimated as [5,18,19]

amax
0 = npπ l

ncλ
. (1)

Naturally, the laser pulse penetrates the target near the laser
axis at first. With the increase of the laser pulse strength at
later times, the target becomes transparent at all points where
the condition Eq. (1) for laser penetration is satisfied.

However, even for a0 < amax
0 , the laser pulse may penetrate

through the foil at least partially due to the skin effect [20].
The relativistically corrected skin depth is lskin = √

γ c/ωp,
where ωp = √

4πnpe2/me is the plasma frequency [15]. The
radiation pressure of the laser pulse will first squeeze the
plasma layer of initial thickness l to a thin slab of thickness
d while the density will grow by a factor of l/d . The corre-
sponding skin depth is c/ω0

√
γ ncd/(npl ). As shown later in

the text, the amplitude of the resulting field is enhanced due to
the interference of the transmitted and scattered beams. Since
the strength of the scattered beam should be non-negligible
to noticeably contribute to the interference, we consider the
target to be transparent if the intensity of the transmitted
(scattered) beam is at least of the order of exp(−3/2) of the
incident intensity. It is a free parameter and this particular
choice illustrates well the studied case (10 s nm targets, in-
tensity 1022 W/cm2). If the target is very thin, the oscillating
border of the plasma aperture cannot fully develop and affect
the interaction. In such a case, the scattering process is not
effective. For targets thicker than the skin depth, the scattered
intensity is below the order of exp(−2) of the incident inten-
sity. Therefore, in both cases, the interference enhancement is
low and not interesting. Thus, assuming the intensity of the
incident laser pulse is reduced by a factor of exp(−3/2) after
passing through the squeezed plasma layer of a thickness d ,
we obtain

2k0

√
ldnp

γ nc
= 3

2
, (2)

where k0 = ω0/c. Based on Eq. (1), the field strength at
0 =

npπ (l − d )/ncλ is required for pushing the electrons along
distance l − d of the unperturbed target of density np to create
a squeezed plasma layer. After finding the value of d from
Eq. (2) and inserting into at

0, one may obtain the characteristic

FIG. 1. Schematic of target geometry during the interaction with
(a) s-polarized and (b) p-polarized laser pulse. (c) Minimal and
(d) characteristic aperture radius for penetration of the foil.

amplitude of the field required for penetration of the target
[as a penetration we consider intensity drop by a factor of
exp(−3/2)]:

at
0 = 4/3

√
2k2

0 l2np

(3/4 + 8/3
√

2k0l )nc

. (3)

For the ultrathin foils with the thickness of the order of
10 nm assumed in this paper, at

0 ≈ 0.5amax
0 . While the most

intense part of the laser pulse propagates through the thin
plasma slab and a relativistic aperture is formed, the electrons
at the borders of the aperture oscillate in the direction of the
resulting electric field, which is given by the interference of
the incident laser wave with the wavefronts reflected from
a relativistically overdense plasma slab [11]. In the case of
s polarization (the laser electric field is perpendicular to the
plane of incidence), target electrons are simultaneously driven
toward the laser beam axis by the ponderomotive force of
the two nodes created at the target front side twice per laser
period [11]. It results in an increase of the target density on the
axis and therefore two separate relativistic plasma apertures
are created in the vicinity of the laser beam axis at first,
see Fig. 1(a) [11]. It agrees with a double lobe profile of
the transmitted laser field observed in three-dimensional sim-
ulations and the corresponding asymmetry measured in the
distribution of accelerated electrons and ions [11,12,21,22].
We assume that at the radial position r, i.e., at the outer edge
of the relativistic plasma aperture, the laser pulse strength is
equal to at

0 = a0 exp(−r2/w2
0 ). As the high density along the

beam axis prevents the transmission of the beam close to the
axis, the strength of the field passing through one aperture can
be estimated as a(r/2) = a0 exp[−r2/(2w0)2]. The resulting
field at the rear side of the target is created by the interference
of two transmitted beams, each having the above-mentioned
strength. Therefore, the amplitude of the diffracted field is
approximately given by

as
0 = 2a(r/2) = 2a0 exp[−r2/(2w0)2]. (4)

When p polarization is assumed (the laser electric field
is parallel to the plane of incidence), the aperture is created
on the axis at first, see Fig. 1(b). Contrary to the previous
case, dense electron bunches are driven alternatively from
two opposite edges of the aperture toward the laser axis at
the frequency 2ω0 [23]. The photons of the transmitted laser
pulse are thus scattered by these relativistic electron bunches
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generating a number of high harmonics. The intensity of the
nth harmonic can be approximated by a power-law In ∝ n−8/3

[24,25]. Assuming that laser field of strength at
0 is scattered

by the electron bunches at two opposite sides of the aperture,
the interference of the generated harmonics will create a field

of strength 2gat
0, where g =

√∑N
n=2 n−8/3 is the fraction of

the incoming field scattered into N harmonics. Due to their
further interference with the field propagating along the laser
axis, the resulting field amplitude can be approximated as

ap
0 = 2gat

0 + a0. (5)

However, in both cases, the field amplification is expected
to be limited by the target thickness that has to be smaller
than the relativistically corrected skin depth lskin. Since Eq. (3)
is maximized at l = lskin for a given target density and laser
wavelength, such a choice presents through Eqs. (4) and (5)
the upper limit for the resulting field strength.

The longitudinal position of the maximum field strength at
the rear side of the target can be estimated from the knowledge
of the aperture size and propagation direction of the transmit-
ted or scattered light, see Fig. 1. The minimal aperture radius
of the foil can be estimated as

wmin = w0

√∣∣∣∣ln amax
0

a0

∣∣∣∣, (6)

as illustrated in Fig. 1(c).
In the case of s polarization, the target surface is per-

turbed by the action of created electromagnetic nodes. The
propagation direction θ (with respect to the laser axis) of
the transmitted beam at the rear side of the target is given
by the deformation of the target surface caused by radiation
pressure and, therefore, it strongly depends on laser and target
parameters [26,27]. However, tan θ can be estimated as the
ratio of the laser pulse strengths at the axis and at the radial
distance, which are sufficiently strong to penetrate the tar-
get. Below the strength limit required for target penetration,
the foil deformation is given by the distribution of intensity
isosurfaces of the incoming laser beam. In such a case, the
angle can be estimated as tan θ = τc/(

√
2 ln 2w0). When the

plasma aperture is created, the ratio of longitudinal and radial
distances given by isosurfaces has to be weighted by the max-
imum amax

0 and the characteristic value at
0 of field strengths

required for penetration, which results in

tan θ = τc√
2 ln 2w0

wmin

wavg
, (7)

where

wavg = w0

√∣∣∣∣ln at
0

a0

∣∣∣∣ (8)

is considered, see Fig. 1(d). Assuming that the laser pulse
starts to penetrate once amax

0 is achieved, one can expect the
interference maxima to occur at the distance

fs = wmin tan θ (9)

from the initial target position.
In the case of p polarization, the maximum field strength

is created by the constructive interference of scattered har-

monics with the field of the propagating laser beam. Thus,
its location depends on the propagation direction of scattered
photons which is a function of electron beam momentum.
However, the angle of the electron bunch propagation direc-
tion evolves with time. At the beginning, the electrons are
driven along the y axis. At later times, the angle of propagation
ψ can be estimated again from the geometrical properties of
the Gaussian laser pulse as

tan ψ = τc√
2 ln 2w0

. (10)

The laser photons are scattered into a number of harmonics,
each having a different angle of propagation measured with
respect to the electron beam direction. Among them, the sec-
ond harmonic has a dominant contribution for the interference
pattern and the corresponding angle can be estimated as [28]

θ2nd = arccos

[
1 + β cos (ψ/2)

2β

]
, (11)

where β =
√

1 − 1/(γ avg)2, γ avg = √
1 + (at

0 )2/2, and ψ/2
is the average value of the angle at which the electron bunch
propagates. Thus, the maximum field strength is expected to
be achieved at the distance of

fp = wavg tan (θ2nd + ψ/2). (12)

III. 2D AND 3D SIMULATION RESULTS

We compare our theoretical predictions with 2D and 3D
PIC simulations performed in the code EPOCH [29,30]. The
2D simulation box resolved with 10 125 × 4 500 cells is
spanning from −30 μm to 15 μm in the x direction and
from −10 μm to 10 μm in the y direction. The laser pulse
of the peak intensity I0 = 1022 W/cm2 (a0 = 69) enters the
simulation box at a boundary x = 15 μm and is focused to
a spot of radius w0 = 1.5 μm located at x = 0 μm. It has a
wavelength λ = 805 nm and a Gaussian temporal envelope of
FWHM duration τ = 30 fs in laser intensity. We performed
simulations for both s and p polarization of the laser pulse.
The Al13+ solid foil with the corresponding free electron
density 450nc and the thickness 10 − 60 nm is located at the
focal spot. The initial particle temperature is set to zero.

The distributions of the transmitted laser intensity and the
density of target electrons are shown in Figs. 2 and 3 for s and
p polarization, respectively. The black contours correspond
to the relativistic critical plasma density navg

cγ = γ avgnc. In the
first figure, it is shown that during the penetration of the target
having a thickness of 30 nm, the laser field has a two-lobe
structure (at x = −1.6 μm), later creating a symmetric field
distribution at x = −2.4 μm. This is a significant difference
from the latter case, in which an asymmetric field diffraction
pattern is created due to the interference of the penetrat-
ing laser field with the field scattered by the dense electron
bunches which are driven alternately from two opposite sides
of the aperture (see contours of the critical density near x =
−0.6 μm, y = 2 μm and x = −1 μm, y = −2 μm in Fig. 3).

The longitudinal position of the maximum field strength
generated by the interference pattern at the rear side of the
target is shown in Fig. 4(a). The expected values calculated
from Eqs. (9) and (12) (x axis) are compared to the results
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FIG. 2. The intensity of the s-polarized laser pulse and the den-
sity of target electrons for I0 = 1022 W/cm2 and λ = 805 nm. Target
thickness is 30 nm. Black contours in electron density represent the
relativistic critical density navg

cγ .

obtained from PIC simulations (y axis) for different target
thicknesses. The solid line is added to guide the eye for the
perfect agreement between the theory and simulation results.
As expected, according to the theory, the focal distance be-
comes shorter as the target thickness grows.

In Fig. 4(b), we compare the ratio of the first ten harmonics
of the scattered light to the incident field of amplitude E0 in
the case of a p-polarized laser beam. The respective harmonics
are obtained by filtering out all other frequency components
in the Fourier transform of the laser electric field. The results

FIG. 3. The intensity of the p-polarized laser pulse and the den-
sity of target electrons for I0 = 1022 W/cm2 and λ = 805 nm. Target
thickness is 30 nm. Black contours in electron density represent the
relativistic critical density navg

cγ .

FIG. 4. (a) Longitudinal position of the maximum field strength
at the rear side of the target given by Eqs. (9) and (12) and obtained
from PIC simulation. (b) The ratio of the first ten harmonics of the
scattered light to the incident field of strength E0 obtained from PIC
simulations and compared to the theory described in Refs. [24,25]
for p-polarized laser beam.

obtained from the simulation with a 30 nm target are in good
agreement with the theory described in Refs. [24,25] which
was used for calculating the resulting field amplitude ap

0 in
Eq. (5). It can be seen that the field strength for higher har-
monics is small and it can be neglected. This justifies our
choice of N = 10 in Eq. (5). The electric field distributions
in kx − ky phase space (k is the wave vector) for (a) s and
(b) p polarization are shown in Fig. 5 for the same laser and
target parameters. This spectrum is calculated only for the
field which penetrates through the target. There is a clear
evidence of high harmonics propagating at an angle in case
of p polarization in contrast to s polarization. The kx spectrum
is broad as the maximum intensity due to interference is very
well localized, corresponding to a short spatial profile of the
pulse in the longitudinal direction. The kx and ky are normal-
ized to the vacuum wave number of the laser k0 = 2π/λ.

Figure 6 presents the comparison of the resulting field
amplitude as a function of target thickness for both types of
a linearly polarized laser beam. The simulation results show
that the peak intensity of the diffracted field gradually grows
with the target thickness as predicted by Eqs. (4) and (5). The
thicker the target is, the stronger the field required for pene-
tration, and thus the resulting diffracted field achieves higher
amplitude. However, increasing the target thickness beyond

FIG. 5. The electric field intensity distribution in kx − ky phase-
space for (a) s and (b) p polarization at the same time step as in Figs. 2
and 3. The laser of intensity I0 = 1022 W/cm2 and wavelength λ =
805 nm irradiates the 30-nm-thick target.

033175-4



RELATIVISTIC PLASMA APERTURE FOR LASER … PHYSICAL REVIEW RESEARCH 3, 033175 (2021)

FIG. 6. Maximum intensity I achieved in the interaction of
the s- and p-polarized Gaussian laser beam characterized by I0 =
1022 W/cm2 with the target of different thickness. Lines represent
the expected values given by Eqs. (4) and (5), markers show the
results obtained from PIC simulations. The relativistically corrected
skin depth is 42 nm.

the relativistically corrected skin depth lskin = 42 nm results
in more pronounced laser energy absorption in the target and
thus the intensity of the diffracted field becomes reduced.
The obtained results are therefore in good agreement with
the theory as it has a natural limit for target thickness given
by the relativistically corrected skin depth. This absorption is
not taken into account in the theory and thus the theoretical
curve stays constant. In the case of p polarization, the first ten
harmonics were considered in Eq. (5).

To check the validity of our results and get more realistic
information on the field amplification due to the interference
of the laser field, we carried out an additional 3D simu-
lation for different laser and target parameters (λ = 1 μm,
sin2 temporal envelope, foil thickness 20 nm, np = 835nc).
The simulation box of dimensions 44μm × 17μm × 17μm
was resolved with 8 800 × 680 × 680 cells. The temperature
of all particles was set to 5 keV. As shown in Fig. 7, the
characteristic structures of the diffracted laser field in a plane
perpendicular or parallel to the polarization axis (see Figs. 2
and 3) are also present in the 3D case. The horizontal and ver-
tical slices of the laser beam correspond to p and s polarization
from 2D, respectively. The horizontal plane in 3D contains the
electric field vector of the linearly polarized laser beam. The
laser field amplification due to the diffraction on an evolving
plasma aperture in the 3D case can be roughly estimated as
(as

0 + ap
0)/a0 (resulting in intensity enhancement by a factor

of [(as
0 + ap

0)/a0]2), where as
0 and ap

0 correspond to the field
contributions from s- and p-polarization components which
were studied above in the 2D case, respectively. This approach
predicts the maximum amplification of the laser intensity by
a factor of 7.0 at a distance 3.7 μm behind the shutter, which
is comparable to the maximum value 7.1 obtained from 3D
simulation at a distance 4.3 μm, see Fig. 8, having in mind
that in the simulation it is not guaranteed that the field inter-
ference maxima in both planes appear simultaneously at the
same position. According to the analysis of 3D simulation,
the processes in s and p planes previously studied in the 2D
case happen simultaneously and independently, while there is
no dominant process responsible for intensity enhancement.
Thus, this enhancement can be estimated as a combination of
these two processes. The relativistic electron bunches respon-

FIG. 7. The distribution of the laser intensity in horizontal and
vertical slices of the laser pulse after the interaction with a foil as
obtained from 3D simulation.

sible for scattering the laser field observed in the 2D case for p
polarization are also present in 3D simulation, see Fig. 8. We
also note that in the case of long laser pulses, the ion motion
should be considered in the theoretical model as it can affect
the formation process of the relativistic plasma aperture and
the consequent laser intensity enhancement.

So far, we have assumed an idealized laser pulse. However,
the laser systems are subject to a limited contrast [31]. Due to
the interaction of the laser pulse pedestal with the target, the
preplasma is formed before the main laser pulse arrives and

FIG. 8. The distribution of the laser intensity in the horizontal
slice of the laser pulse as obtained from 3D simulation at the moment
of reaching the maximum value.
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thus it can significantly affect the interaction dynamics. Con-
sidering the above-mentioned laser intensity, the pedestal of
the main laser pulse can completely destroy the nm-scale foil.
The foil expands to several microns along the propagation axis
and therefore its density is below the relativistically corrected
critical value for the main laser pulse. As a result, the main
laser pulse propagates in the expanded plasma without any
significant distortion or focusing. To avoid such a scenario in
a real experiment, one might consider the interaction with two
foils. The pedestal of the main laser pulse interacts with the
first foil only. The main laser pulse then propagates through
the created underdense plasma and interacts with the second
foil. Such a setup allows creating a relativistic plasma aperture
in the second foil, which is essential for laser pulse diffraction,
resulting in the increase of the laser intensity in the near field.
This setup may also provide an additional intensity increase
by laser self-focusing in the pre-expanded first foil, as we
partially discussed in Ref. [32]. As the prepulse is mitigated
by this configuration, this feature would be especially impor-
tant in the interaction with additional (nano)structured and
ultrathin targets, which would be pre-expanded otherwise.
The application of the single and double foil configurations in
the improvement of ion acceleration from an additional target
was demonstrated by simulations in Ref. [33]. As the laser
intensity can be increased by almost one order of magnitude,
such a setup also allows enhancing gamma radiation and pair
production using the present lasers.

IV. CONCLUSION

In conclusion, we have studied the process of laser pulse
diffraction on the relativistic plasma aperture created in the

interaction with an overdense ultrathin foil. Such a setup al-
lows amplifying the laser intensity due to the interference of
the transmitted and/or diffracted beam. We provide theoret-
ical estimates for obtaining the maximum field strength and
its spatial location as a function of the laser and target param-
eters. Using 3D numerical simulations, we have verified that
the laser intensity can be increased at least seven times when
proper laser and target parameters are used. This setup, based
solely on relativistic plasma optics, thus presents a viable
approach for obtaining localized laser intensity enhancement,
which might be interesting for applications like ion acceler-
ation, generation of gamma rays, and electron positron pair
creation.
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Abstract
In this work, we investigate the application of the plasma shutters for heavy ion acceleration driven
by a high-intensity laser pulse. We use particle-in-cell and hydrodynamic simulations. The laser
pulse, transmitted through the opaque shutter, gains a steep-rising front and its peak intensity is
locally increased at the cost of losing part of its energy. These effects have a direct influence on
subsequent ion acceleration from the ultrathin target behind the shutter. In our 3D simulations of
silicon nitride plasma shutter and a silver target, the maximal energy of high-Z ions increases
significantly when the shutter is included for both linearly and circularly polarized laser pulses.
Moreover, application of the plasma shutter for linearly polarized pulse results in focusing of ions
toward the laser axis in the plane perpendicular to the laser polarization. The generated high
energy ion beam has significantly lower divergence compared to the broad ion cloud, generated
without the shutter. The effects of prepulses are also investigated assuming a double plasma shutter.
The first shutter can withstand the assumed sub-ns prepulse (treatment of ns and ps prepulses by
other techniques is assumed) and the pulse shaping occurs via interaction with the second shutter.
On the basis of our theoretical findings, we formulated an approach toward designing a double
plasma shutter for high-intensity and high-power laser pulses and built a prototype.

1. Introduction

Laser driven ion acceleration is one of the most promising and widely studied features of ultra-intense laser
matter interaction, finding applications in various areas [1–5]. Especially heavy ions are useful in material
science as a radioisotope source and a stage to explore exotic nuclei [6, 7], in nuclear science involving heavy
ion collisions, e.g. for hot and dense matter research [8] and schemes like fission-fusion nuclear reaction
[9, 10]. The heavy ions driven by intense laser can also be used as an injector into conventional accelerators
for further research [11]. These promising applications drive the goal for improving the laser-accelerated ion
beam energy and quality. Introduction of PW-class lasers set up a new records in ion acceleration, e.g. energy
of 58 MeV was reached for protons in 2000 [12], employing the target normal sheath acceleration (TNSA)
mechanism [13]. The straightforward way to boost the maximal ion energy is to increase the laser pulse
intensity. In this way, another mechanisms may get involved especially in combination with the use of
ultrathin or low-density targets. Namely, radiation pressure acceleration (RPA) [14] presents a promising
mechanism. Its experimental indications have already been observed [15–18]. The trend of mechanism
blending in high-intensity interaction was demonstrated in 2018 by the experiment involving a hybrid
RPA-TNSA regime induced by the onset of the relativistic transparency, setting a new record in proton
acceleration of 94 MeV [19]. The interplay between different ion acceleration mechanisms depends on the

© 2022 The Author(s). Published by IOP Publishing Ltd on behalf of the Institute of Physics and Deutsche Physikalische Gesellschaft
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Figure 1. Scheme of the plasma shutter application (a) and the intensity profile of the laser pulse transmitted through the plasma
shutter (b). Low-intensity parts of the laser pulse are filtered out and the peak intensity increases.

target and laser parameters [20]. For example, the increase of laser intensity for relatively low-density solid
targets, like cryogenic hydrogen [21], can result in the shift of the origin of the ions accelerated to the highest
energies from the target rear side toward its interior, as demonstrated in [22]. It was also demonstrated in
experiment, that energies per nucleon of the bulk carbon ions can reach significantly higher values than the
energies of contaminant protons [23]. For heavy ions the RPA regime is still-to-be-shown experimentally.
Nevertheless, the highest energies are gradually being achieved by using ultrathin targets, e.g. the recent
record for gold ion acceleration (exceeding 7 MeV/nucleon) was achieved with lowering the target thickness
down to 25 nm [10]. For silver ions, energy exceeding 20 MeV/nucleon was achieved lowering the target
thickness down to 50 nm [24].

Aside the increase of the laser pulse intensity and modification of the target thickness, the maximal
energy and quality of laser-accelerated ions can be enhanced by using structured targets, e.g. double-layer
[25–30], with nano-structures at its surface [31], nano-holes [32, 33] or a specific geometry, like a transverse
Gaussian shape [34], a dual parabola [35], with a few micron-size holes [36] and a pizza-cone target [37].

Another approach is the shaping of the incoming laser pulse. Techniques like double planar plasma
mirrors [38] and others are currently commonly used especially for the improvement of the laser pulse
contrast. In addition to these techniques, the laser pulse can be also shaped via its nonlinear evolution as it
propagates/burns through an underdense plasma [39–41], a near critical density plasma [42–47, 48] or an
overdense plasma [49–53]. In addition to the prepulse treatment, the nonlinear pulse evolution can also
result in steepening of the pulse front and (local) intensity increase. The positive effect of these phenomena
on ion acceleration in the case of near critical density plasma was demonstrated by experiments and
simulations, e.g. in [43] using a carbon-nanotube foam attached to a solid diamond-like carbon foil,
resulting in increase of maximal carbon energy. In this paper we study the high-density (overdense)
approach using plasma shutter of thickness relevant to PW-class laser systems.

In the context of ion acceleration, the plasma shutter is usually a thin solid foil or membrane which is
attached to the front surface of the target with a gap between them (see a scheme in figure 1(a)). Therefore, it
presents an obstacle which needs to be overcome by the laser pulse and by its accompanying prepulses before
the interaction with the main target. Having solid (overdense) density, the plasma shutter is initially opaque
for the low-intensity prepulse and beginning of the main pulse. The shutter subsequently becomes
relativistically transparent to the rising intensity of the main pulse front. Assuming a thick (semi-infinite)
shutter, its electron density ne4 can satisfy relation ne < γnc, where γ is the relativistic Lorentz factor (the
relation for ultrathin shutter is introduced in the next paragraph). The critical density is defined in CGS
units as nc = meω

2/4πe2, where ω is laser angular frequency,me and e are electron mass and charge,
respectively. Therefore, the plasma shutter can directly produce a steep-rising front at the beginning of the
transmitted laser pulse by filtering out the low intensity parts [49]. This observation leads to the direct
application for ion acceleration as it reduces the target pre-expansion before its interaction with the
high-intensity part of the laser pulse. The filtering out of the sub-ns prepulse was demonstrated in
experiments and supplementary particle-in-cell (PIC) simulations [50, 52]. The main target remained

4 Note that electron density ne can be locally increased by the radiation pressure. Therefore, a significantly higher initial laser intensity is
required for a semi-infinite target to become relativistically transparent than would be given by the initial target density [54,55]. On the
other hand, the density of thin targets can rapidly decrease by the target expansion and by expelling electrons out of the laser beam axis
by the ponderomotive force.
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overdense in these experiments when the plasma shutter was included, resulting in the increase of ion energy.
This prepulse reduction can be especially important for the use of nanostructures/nanoholes in the target, as
they diminish for low-contrast lasers otherwise [33]. Moreover, the steepening of the main pulse itself
becomes important with the increasing intensity as it significantly affects the laser-electron dynamics in
ultrathin targets as is shown in this work. The steep-rising front of the intensity profile can also mitigate the
development of transverse short-wavelength instabilities usually ascribed to Rayleigh-Taylor instability
[56–58] or electron-ion coupled instability [59, 60]. The mitigation of its development was demonstrated in
[28] by numerically steepening of the pulse front. The steep front can also enhance the photon emission
from under-dense targets [61]. The ultra-thin shutter also provides ideal conditions for the research of the
relativistic induced transparency itself [51], leading to the formation of a relativistic plasma aperture [62].
The incident laser light is diffracted at this aperture having effects on electron [62] and ion [63]
distributions. The diffraction of the laser pulse on such an aperture and its constructive interference with
generated high harmonics can lead to a local intensity amplification [53]. Therefore, the use of the plasma
shutter (or a series of them as discussed in section 3.5) can provide three positive effects as is sketched in
figure 1(b): (1) mitigation of prepulses, (2) generation of the steep-front laser pulse, (3) local increase of the
peak intensity. The negative effect is the partial lost of the laser pulse energy, depending on the shutter
thickness. Note, that the use of a single plasma shutter for prepulse reduction inherently decreases its density,
making the later two effects less significant (as discussed below). Therefore, a series of plasma shutters (each
focusing on different effect) can provide a way to use the full potential of such interaction.

The interplay between a relativistic (a0 > 0) laser pulse and a thin plasma shutter depends on two main
parameters, the dimensionless amplitude of the laser electric field a0 = eE0/meωc and the areal density of the
target ϵ0 = λl/4πl2s = π ne

nc
l
λ , where E0 is the electric field amplitude, c is speed of light in vacuum, λ is the

wavelength of the incident laser pulse, l is the thickness of the plasma shutter and ls is the skin depth defined
as ls = c/ωpe for the plasma electron angular frequency ωpe. The thin plasma shutter becomes relativistically
transparent to parts of incident laser pulse fulfilling the condition a0 ≫ ϵ0 [49]. Therefore, the increase of the
shutter thickness reduces the energy of transmitted laser pulse. On the opposite, the local peak intensity of
transmitted laser pulse increases with the shutter thickness [53], saturating around the relativistically
corrected skin depth lsc =

√
γc/ωpe. Therefore, the thickness of the plasma shutter needs to be optimized

assuming both of these effects for efficient ion acceleration as they act against each other. More laser pulse
energy will be transmitted through the thinner plasma shutter, but the intensity increase will be lower and
vice versa.

The transmitted laser pulse (shaped by the plasma shutter) is subsequently used for ion acceleration from
the target placed behind the plasma shutter. The optimal target thickness l for ion acceleration via RPA
mechanism [14] (for which a0 = ϵ0) can be expressed as:

l

λ
=

a0
π

nc
ne
. (1)

In this work, we investigate the application of the plasma shutters for heavy-ion acceleration driven by a
high-intensity laser pulse using 3D and 2D PIC simulations. Firstly, we assume an idealized situation with a
plasma shutter being opaque for the high-intensity part of the laser pulse without any prepulse treatment.
The main laser pulse, transmitted through the opaque plasma shutter, gains a steep-rising front and its peak
intensity is locally increased at the cost of losing part of its energy, depending on the shutter thickness as was
recently demonstrated in [53] (e.g. over 50% of the main pulse energy was lost for the effect of local pulse
intensity increase by the factor of 7 in [53]). Therefore, we investigate a possible application of such shaped
pulse for ion acceleration from the ultrathin target located behind the plasma shutter, where the advantages
of pulse profile modifications need to overcome the laser pulse energy loss. Subsequently we investigate a
more realistic scenario including interaction with a sub-ns prepulse with intensity relevant to nowadays
PW-class laser systems. For this scenario we propose the use of two (or eventually multiple) shutters for ion
acceleration having different purposes. The first shutter will be used for the prepulse treatment in the way
already demonstrated in [50, 52], becoming transparent to the main pulse and thus allowing high percentage
of transmitted pulse energy (up to 99% in [50]). The second shutter, being opaque for the main pulse, can
directly shape the main pulse [53]. The whole double-shutter scenario is investigated using a combination of
2D hydrodynamic (simulating the prepulse interaction with the first shutter) and PIC simulations.

The parameters like target and shutter thicknesses, length of the gap between them, and the effects of the
pulse-front steepness are investigated using 2D PIC simulations for the case of a silicon nitride plasma
shutter and a silver target. The silver target was chosen for demonstration of our heavy-ion scheme assuming
a PW-class laser, because its optimal thickness for RPA mechanism (equation (1)), is relatively high
compared to materials with higher Z, as this thickness decreases with increasing target density. Therefore, the
targets with thickness of the order of the optimal one (lower 10 s of nm) are reasonably thick for future
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experiments (silver targets with thickness around 50 nm have been already used [24]). The relatively high
thickness also makes the 3D PIC simulations less computationally demanding, as the target can be still
resolved by at least a few cells even for higher cell size.

In the follow-up 3D simulations of our 2D reference case, the maximal energy of silver ions increases by
35% when the plasma shutter is included (2D simulations with a lower-Z target (aluminium) were also
performed, resulting in similar but less significant increase). Moreover, the steep-rising front of the laser
pulse leads to formation of high-density electron bunches. This structure (which also appears in the
generated electric and magnetic fields) focuses ions toward the laser axis in the plane perpendicular to the
laser polarization. The generated high-energy ion beam has significantly lower divergence compared to the
broad ion cloud, generated without the shutter. In the later case, the structures are pre-expanded with the
low-intensity part of the laser pulse and the subsequent onset of the transverse instability mentioned above.
The effects of prepulses are investigated using a combination of 2D PIC and hydrodynamic simulations
assuming a double plasma shutter. The first shutter can filter out the assumed sub-ns prepulse (treatment of
ns and ps prepulses by other techniques is assumed). Therefore, the processes of the steep-front generation
and the local intensity increase can develop via interaction with the second non-expanded shutter. The
increase of the maximal ion energy is demonstrated also in this case. A prototype of this double-shutter is
presented.

The paper is organized as follows. The simulation method and parameters are described in section 2.
Section 3, containing results, is divided into five subsections. Firstly, the modifications of the laser pulse
transmitted through the plasma shutter, like its local intensity increase and energy loses, are studied in
section 3.1. The optimal shutter and target thicknesses and length of the gap between them for ion
acceleration are discussed in section 3.2. The influence of the generated steep-rising front on ion acceleration
is investigated via 2D simulations using approximated pulse with different steepness in section 3.3. Then the
whole picture is discussed via 3D simulations comparing the cases of silver target with and without the
plasma shutter for linear and circular polarization in section 3.4. Lastly, the use of double plasma shutter is
discussed using the combination of 2D hydrodynamic and PIC simulations, taking the prepulse into account,
in section 3.5. The prototype of such a shutter is also presented in that section. The supplementary material
contains a video of time evolution of the laser pulse interaction with the shutter and the silver target. An
interactive customWebGL application [64] of this 3D simulation is available online [65].

2. Simulationmethod and parameters

To demonstrate the advantages coming from implementation of the plasma shutter on ion acceleration we
performed 2D and 3D PIC simulations using the code EPOCH [66].

The parameters of the 2D simulations are as follows. Linearly p-polarized (electric field lies in the plane
of incidence) laser pulse incidents normally on the target. The radiation wavelength is λ= 1 µm
and the peak intensity is Imax = 1022 Wcm−2, thus yielding dimensionless amplitude
a0 ≈ 0.85

√
I(1018 W cm2)λ2 (µm)≈ 85. The critical plasma density is equal to nc ≈ 1.115× 1021 cm−3.

The laser pulse has a Gaussian spatial profile with beam width at the full width at half maximum
(FWHM) equal to 3 λ. The temporal profile has sin2(t) shape in intensity and beam duration is 64 fs. This
pulse corresponds to a 30 fs long 1 PW laser pulse with Gaussian envelope. The laser pulse energy can be fully
represented by the sin2(t) profile in the PIC simulations, avoiding the numerical cut of the infinite
exponential beginning of the Gaussian shape. Therefore, a further analysis of transmitted energy is more
reliable.

The plasma shutter is made of a silicon nitride (Si3N4) solid foil. Full ionization of the foil is assumed
with electron density ne = 835 nc. In the reference case the thickness of the plasma shutter is set to 20 nm.
Plasma shutters with thickness between 12 and 45 nm were also considered. Thus, the interplay between
parameters a0 and ϵ0 discussed in section 1 is as follows: ϵ0 = a0 = 85 for shutter thickness l≈ 32.5 nm, for
the reference case of l= 20 nm then ϵ0 ≈ 52.5 and for the thickness equal to the relativistically corrected skin
depth l= lsc = 42.7 nm, ϵ0 ≈ 112.

The target which is located behind the plasma shutter corresponds to commercial silver solid foil with
thickness of 20 nm. For the discussion of optimal thickness see the section 3.2. Partial ionization of the target
is assumed, which is in agreement with the experiments of similar type of laser with a silver target [24]. For
simplicity, the target consists of electrons with density ne = 2100 nc and silver ions with charge number
Z= 40 and mass number A= 108.

Two sets of simulations were performed. Firstly, the simulation was done with the box size of 44 λ× 17 λ
(×17 λ for 3D cases) focusing on laser pulse transmission through the plasma shutter. Plasma shutter is
placed in the middle of the simulation box, referred to as position x= 0. This setup ensures that both the
reflected and transmitted part of the laser pulse are fully captured in the simulation for comparison.
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Subsequently, the simulation box is prolonged to the size of 60 λ× 17 λ (×17 λ for 3D cases) including ion
acceleration from the target. In this case the plasma shutter is placed at the position x= 0, situated 12 λ from
the simulation box boundary in the direction of the laser propagation. The transverse size of the plasma
shutter and the target is 17 λ, i.e. the target is reaching the simulation box boundaries at positions
y=±8.5 λ where thermal boundary conditions for particles are applied.

In 2D simulations, the mesh has square cells of the size 0.003 λ. This is shorter than the plasma skin depth
c/ωpe ≈ 0.0055 λ, where ωpe is electron plasma frequency corresponding to electron density of the shutter
(the cell size is also lower than the plasma skin depth of the target c/ωpe ≈ 0.0035 λ, using the electron
density of the target). Since the 3rd order b-spline shape of the quasi-particles and current smoothing are
used in our simulations, it is ensured that numerical heating is strongly reduced even for the cells larger than
the plasma Debye length [66]. The number of electrons is set to correspond to 835 particles per cell inside the
plasma shutter and 1050 inside the target, respectively. The numbers of ions correspond to their charge ratios.

In 3D simulations, the mesh has cuboid cells. The size of the cells is set to 0.005 λ in the laser propagation
direction (x-direction) and 0.025 λ in transverse directions (y- and z-directions). Number of electrons per
cell was reduced to 400 inside the plasma shutter and 1000 inside the target. The ratios for number of ions
are kept the same as in the 2D case.

Temperatures of all particles are initialized to 5 keV inside the plasma shutter and to 0.5 keV inside the
target, to further reduce numerical heating. The particle solver begins to move the particles just a few time
steps before the arrival of the laser pulse front to the plasma shutter.

In order to include the effect of target pre-expansion done by the prepulse, the PIC simulations were
combined with the output of hydrodynamic simulations performed in the code PALE (Prague Arbitrary
Lagrangian–Eulerian) [67, 68], in section 3.5. This code employs a 2D cylindrical geometry in a moving
Lagrangian framework. The robustness of the simulation is improved by performing periodic mesh
smoothing followed by a conservative interpolation of the state quantities from the Lagrangian to the
smoothed mesh [69]. The simulations involve a heat conductivity numerical model [70] and heat flux
limiter, simple critical-density and wave-based laser absorption models [71], Spitzer–Harm heat
conductivity model [72] and realistic Quotidian equation of State [73]. This code is commonly used for
interpretation of experiments involving nanosecond pulses [74–76]. The simulation uses a 2D
computational r–z mesh containing 100× 100 cells including a 40 nm thick and 25 µm long foil of solid
aluminum at room temperature. The areal density is roughly the same as of the silicon nitride plasma
shutter. Another set of simulations contains a corresponding 20 nm thick silver target. The computational
cells are geometrically distributed in both dimensions to achieve high mesh resolution in the absorption
region. A constant temporal intensity of 1012 Wcm−2 and Gaussian spatial laser beam profile with the focus
radius rf = 2 µm are considered.

3. Results

3.1. Laser pulse shaping via plasma shutter
The properties of the laser pulse transmitted through the plasma shutter of certain material depend on the
thickness of the plasma shutter and differ with the dimensionality of the simulation. Therefore, the variables
like intensity increase, position of the focus and the percentage of transmitted energy are discussed in this
section.

The properties of our reference case, using the 20 nm thick plasma shutter from the 3D simulation,
which is then used for ion acceleration, are shown via 2D and 1D slices in figure 2 at time t= 38 T (from the
beginning of the simulation). The electric field in the y-direction (parallel to the laser polarization) is
presented in the form of a0y = eEy/meωc. The laser pulse with initial a0 = 85 burns through the plasma
shutter located at x= 0 µm. The relativistic aperture is developed as can be seen via contours of density
ne ⩾ 10 nc in figure 2(a). It leads to the diffraction of the transmitting laser pulse and its local constructive
interference with generated high harmonics as was described in [53]. The value of a0y can locally increase
from the original a0y = 85 to over a0y = 200. The local maxima are located off-axis alternating± in the
y-direction, where the interference happens. The central 1D profile (at y= 0 and z= 0) is shown in
figure 2(b). The transmitted laser pulse acquires the steep-rising front at the beginning. Its approximation
using the equation y= 140 · sin(π · x/9.2) is depicted with the green color. Thus, the rising front is about 5 T
shorter compared to the original pulse (depicted by the blue line) with duration of 19.2 T. Moreover, the
steepness of the rising front is increased by the rise in the intensity. Note that the distribution of the laser
pulse electric field (and also its energy) differs in space from the case without the shutter (pure Gaussian),
being more dense around the central region as can be seen in figure 2(a). The integrated energy density of the
transmitted laser pulse electric field in the central 1D profile (evaluated forwards from 0) is actually about
42% higher compared to the simulation without the shutter, even though a significant part of the laser pulse
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Figure 2. Increase of the amplitude of the electric field in the y-direction (a0y) after the laser pulse propagates through the plasma
shutter in the 3D simulation. (a) 2D slice at z= 0, gray contours depict the areas with electron density ne ⩾ 10 nc. (b) 1D slice at
y= 0 and z= 0, comparison of the transmitted laser pulse (W/1×Sh) with the original one (W/O-Sh) and the sinusoidal
envelope described in the text.

Figure 3. Comparison with theory [53] of achieved cycle averaged maximum of (a) the transmitted pulse a0, (b) the x-position of
its focus for different shutter thickness, (c) energy balance of reflected, transmitted and absorbed energy for different shutter
thickness.

is reflected from the plasma shutter (figure 2(b)). On the contrary the total (whole space) transmitted pulse
energy is about 50% lower as discussed below.

The comparison of maximal reached a0 and the x-position of its focus from 2D PIC simulations with the
theoretical model [53] for different shutter thicknesses are shown in the lower part of figure 3(a). The values
represent the cycle averaged maximum of a0 obtained from the simulation data. The intensity is rising with
thickness, while the x-position of the focus is decreasing. After reaching a local maximum at 30 nm, the
maximal a0 is gradually saturating, reaching a global maximum at 40 nm and slowly decreasing afterwards.
The x-position of the focus differs a little after saturation. This observations are in agreement with theory
[53] for ‘p’ polarization as the electric field amplification should be saturated after the shutter thickness
reaches the relativistically corrected skin depth lsc, which is approx. 42.7 nm for our case. The prediction of
the focus x-position for ultra-thin targets below 20 nm is challenging as the focus position changes with time
and the interference pattern may produce several maxima at different positions. As an example, the second
maxima for the case of 15 nm is shown by the blue dot. The predicted focus is roughly in the middle of these
two values.

In 3D simulations, shown in the upper part of figure 3(a), the maximal a0 fits well to the theory and rises
with thickness between 20 and 30 nm cases. The saturation process is not observed in the simulation of
40 nm shutter as the maximal intensity decreases to value similar to the 20 nm case. The increase of the
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Figure 4. (a) Influence of different combinations of shutter (Sh) and target (Mf) thicknesses on maximal ion energy. Red line:
different thickness of the target without the plasma shutter; green line: different shutter thickness for 20 nm target; blue line:
different target thickness for 20 nm shutter. (b) Effect of different distance between the shutter and the target for different shutter
thickness on maximal ion energy.

maximal a0 is almost two times higher in the 3D simulations compared to their 2D counterparts, which
corresponds to the sum of two processes focusing the beam either in the polarization plane (‘p’) or out of it
(‘s’) [53]. On the contrary, focusing in only one dimension occurs in the 2D cases. The highest value of a0 is
observed in the case of 30 nm, increasing from a0 = 85 to a0 = 280. Thus, yielding the intensity increase by
the factor of Imax/Iinit = (a0max/a0init)2 ≈ 10.85. The absence of saturation effect in the case of 40 nm shutter
in 3D can be ascribed to the combination of ‘s’ and ‘p’ polarizations as the ‘s’ part do not provide a saturation
effect even in the 2D cases as was shown in [53]. Therefore, the optimal thickness for the highest local
intensity increase in 3D is in our case around the condition of a0 = ϵ0.

Another important parameter apart the intensity increase is the percentage of transmitted laser pulse
energy. The energy balance for different thicknesses of the plasma shutter is investigated in figure 3(c). The
simulation box is set to be able to contain the whole incident and transmitted laser pulse.

In 2D simulations (solid lines) the transmitted laser pulse energy is decreasing with thickness but stays
above 50% for thicknesses where a0 ⩾ ϵ0 (thickness⩽32.5 nm), as the plasma shutter becomes partially
(relativistic) transparent before the intensity maximum reaches the plasma shutter [49]. In the 3D cases
(dashed lines) the reflection and partially absorption are stronger than in the 2D cases, where the spherical
apertures are not limited in the third dimension. About 50% of the laser pulse energy is transmitted in the
case of 20 nm, decreasing to 28% for the 30 nm case and 16% for the 40 nm case. As the laser pulse energy
loses (absorption and reflection) are significant with the increasing thickness in 3D, their influence needs to
be taken into account for choosing the proper parameters for applications.

3.2. Effects of different shutter and target thicknesses on ion acceleration in 2D
For an efficient application of the transmitted laser pulse for ion acceleration, the benefits of the pulse
shaping need to outweigh the loses of the laser pulse energy. Therefore, the combination of parameters of the
plasma shutter (Sh) and the target (main foil - Mf) like their thickness and distance between them are
investigated in figure 4.

The optimal thickness for reaching maximal silver ion energy of the target without the use of the shutter
is 20 nm as is shown by the red line in figure 4(a). This value is slightly higher than the optimum predicted
for RPA mechanism by equation (1), which corresponds to the thickness of 13 nm for the chosen silver target
and laser pulse. The increase of the optimal target thickness can be ascribed to the early onset of the
relativistic induced transparency in this ultrathin targets. Ion acceleration is then influenced by the hybrid
RPA-TNSA mechanism described in [19]. The next step is to compare various shutter thicknesses for the
20 nm target, which is shown by the green line. The maximal ion energy is increased by including the plasma
shutter into the simulation, when its thickness is lower than 32.5 nm (for this cases the transmitted laser
pulse energy is still above 50% as discussed above). An interesting region for ion acceleration is found for
shutter thicknesses between 15 and 30 nm where the maximal ion energy is slowly linearly decreasing with
the shutter thickness. The maximum of 185 MeVA−1 is reached in the case of 15 nm Sh. The thickness of
20 nm, where the maximal ion energy is just slightly lower (179 MeVA−1) is chosen for further investigation
as it can be more reliably represented in the 3D simulations with larger cells (keeping at least 4 cells per target
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Figure 5. Influence of the steep-rising front of the laser pulse. (a) Comparison of the laser pulse transmitted through the plasma
shutter (W/1×Sh) with its approximation described in the text and the original pulse propagating in the vacuum (W/O-Sh) in
2D. (b) Angular distribution of the ions with energy over 90 MeV for different cutting of the pulse front, see the text for the
description. (c) Dependence of maximal ion energy and number of ions (energy over 90 MeV) on the cutting of the pulse front.

in our simulations). The blue line in figure 4(a) shows the dependence of maximal silver ion energy on the
target thickness, when the shutter thickness is 20 nm. The maximum ion energy is reached for the same
thickness of 20 nm as in the case without the Sh. Therefore, the plasma dynamics, including the onset of the
relativistic induced transparency, is similar in both cases, as will be further discussed in section 3.4. In
addition, the ion acceleration is less sensitive to the target thickness between 15 and 25 nm when the shutter
is included than in the corresponding case without the shutter. This can be ascribed to the steep-rising front
generated by the plasma shutter reducing the pre-expansion of the target. So far the distance between the
shutter and the target was set to 5 µm, which roughly corresponds to the length of the rising front in
figure 2(b). This distance is the optimum in our 2D cases as can be seen in figure 4(b) comparing different
distances. Moreover, a plateau of similar maximal energies between 4 and 5 µm is developed for thicker
plasma shutters, making the target fabrication more flexible.

Regarding to the parametric scan above, the thicknesses used for 2D and 3D simulations of ion
acceleration are hereinafter 20 nm for both shutter and target which are located 5 µm apart. This set of
parameters resulted in the increase of maximal ion energy from 157 to 179 MeVA−1, when the plasma
shutter is included. Note that similar but less significant increase was achieved with a lower-Z material for
the same laser pulse and shutter parameters. Namely, using a fully ionized aluminum foil with thickness of
80 nm, the maximal aluminum ion energy increased from 230 to 243 MeVA−1. Further lowering of Z of the
target inherently results in increase of its optimal thickness according to equation (1), which may alter the
laser-target dynamics of ultrathin targets described in this work.

3.3. Influence of the steep-rising front
As the generation of the steep-rising front of the incident laser pulse is an important feature in the
subsequent laser-target dynamics, we run several 2D simulations approximating the generated pulse shape.
The approximated pulse assumed an increased intensity of the central 1D profile from a0 = 85 to a0 = 105,
which fits well the 1D profile obtained from the 2D simulation as can be seen in figure 5(a). The pulse then
consists of two sinusoidal time envelopes. The beginning of the time profile is cut to zero for several periods
(number of cut periods is denoted as Front cut #T in figure 5) and then rises to maximal a0 with sinusoidal
shape till the half of the original pulse. This way the steep front is generated. The envelope of the second half
of the laser pulse remains unperturbed and decreases from the maximum to zero at the same timescale as the
original pulse. The spatial profile is kept the same as of the original pulse, ignoring the appearance of the
local off-axis maxima reaching higher value of a0 = 127 (see the 2D slice from the 3D simulation in
figure 2(a) for illustration). Thus, an average central on-axis maximum is introduced for the sake of brevity.
The comparison of the 1D profile generated by the plasma shutter (blue) with this approximation assuming
the cut of 5 T (red) and the original pulse (green), at time when the pulse is transmitted through the plasma
shutter and the 1D profile stabilized, is shown in figure 5(a).

The introduction of the steep front has a positive effect on the divergence of high-energy ions (energy
over 90 MeVA−1, which is roughly half of the maximal energy reached). Their angular distribution for
different front cutting is shown in figure 5(b). The use of the full pulse (0 T, blue) results in a relatively broad
flat-top angular distribution without any significant peak. With the use of our steep-front approximation
(cutting of 5 T, red) the distribution is divided into two lateral peaks. Increasing the steepness of the laser
pulse front even further (cutting of 7 T, deep purple) results in a distinct single peak near the axis. The use of
the plasma shutter in 2D (Sh., yellow) resulted in lower number of particles, which can be ascribed to a
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Figure 6. Volumetric visualizations of the 3D simulations. First row contains the data from the simulation with the shutter and
the second row without the shutter. (a), (b), (d), (e) The laser pulse electric field (a0) is represented by the red scale, electron
density by the blue scale and silver ion density by the green scale. (c), (f) The generated electric field in the z-direction represented
by the blue to red scale is shown instead of the laser pulse. The first column is the projection of x–y plane, while the viewpoint in
the second and third columns is rotated by 90◦ into the projection of x–z plane.

different spatial profile, which is more localized compared to the Gaussian one, used in the approximations.
Also the single peak generation is not so distinctive in this case in the 2D configuration. The benefits of the
steep-rising front in the shutter case are more pronounced in 3D (see figure 8(f) in the next section), where
the intensity is higher, so the front is steeper even for a similar time scale and is then closer to the 7 T case in
2D.

Another interesting effects of the steep-rising front is the increase of the number of high-energy ions in
the region around the central axis (y between±3 µm). This trend reaches maximum for the cutting of 7 T, as
can be seen in figure 5(c) by the blue line and blue y-axis. Almost 1.6 more ions are located in this regions in
the 7 T case compared to the use of the full uncut pulse (denoted by the single point). After this distinct
maximum the number of particles drops. As mentioned before, the number of particles in the shutter case
(denoted by diamond) is lower due to different pulse representation in the space. The red line and y-axis in
figure 5(c) correspond to the maximal silver ion energy reached in the simulation. The development of the
maximal energy is saturated till 7 T and has the same drop as the number of particles afterwards. These drops
in the maximal energy and number of particles can explain the steeper reduce of the maximal energy of silver
ions for green line in figure 4(a) with shutter thickness increasing over 30 nm. The thicker plasma shutter
cuts too significant part of the laser pulse, reducing the maximal ion energy. The energy reached by the case
with the plasma shutter (red diamond) is similar to the one reached with the full pulse (red star). Therefore,
the ion acceleration dynamics corresponds to the lower value of a0 = 105 from the on-axis 1D profile
(figure 5(a)) and not to the off-axis local maxima of a0 = 127 (figure 3(a)) observed in the previous
chapters.

3.4. Ion acceleration in 3D
In this section, we will compare the silver target without the plasma shutter, placed at the laser focus at the
x-position of 0 µm and the silver target with the plasma shutter. In the later case the shutter is placed at the
laser focus at x= 0 µm and the silver target is located 5 µm behind it. The simulation setup is shown as 3D
volumetric visualization of laser pulse (a0, red), plasma shutter (electron density, blue) and target (silver ion
density, green) in figure 6. The time instants are t= 40 T in the case with the plasma shutter (first row) and
corresponding t= 35 T for the case without the shutter (second row) as the target is placed 5 λ closer to the
beginning of the simulation box. The first column is the projection of x–y plane, while the viewpoint in the
second and third columns is rotated by 90◦ into the projection of x–z plane. Video of the time evolition of
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Figure 7. 2D slices from the 3D simulations. First row contains the data from the simulation with the shutter and the second row
without the shutter. (a), (b), (e), (f) Logarithm of the electron density in x–y and x–z planes. Average electron (c), (g) and silver
ion (d), (h) density in y–z plane (average of the grid points in the x-direction in the volume denoted by the red rectangles in (a),
(b), (e) and (f). The third row contains generated magnetic field in the y-direction (i), (j) and electric field in the z-direction (k),
(l) from the simulations with the plasma shutter (W/1×Sh) and without it (W/O-Sh).

the simulation with the plasma shutter is included as a supplementary material and an interactive custom
WebGL application [64] of it is available online [65].

As can be seen in the figure 6(b), the application of the plasma shutter results into a narrow beam-like
structure of accelerated silver ions (green) in the x–z plane. This structure is hard to recognize in the case
without the plasma shutter (figure 6(e)) and is missing in the x–y plane (figures 6(a) and (d)). The difference
in the electric field in the z-direction (a0z, blue-red scale) at the corresponding times is shown in the third
column. In the case without the plasma shutter (figure 6(f)) a relatively strong defocusing electric field is
located around the outer surface of the ion cloud on positions y=±2 µm. The focusing field with opposite
polarity is also present inside the ion cloud around position x= 3 µm, y=±0.5 µm. However, its influence
is limited only to the small region. When the plasma shutter is included (figure 6(c)) the defocusing field
acting on two lateral parts is reduced. On the contrary, the focusing field surrounding the central ion beam is
well developed and prolonged over several microns.

The development of this heavy-ion beam-like structure is driven by the intense dynamics between the
laser pulse and electron bunches at earlier stages, as can be seen in figure 7. The first row contains the
visualization of the data from the case with the plasma shutter at time t= 33 T and the second row contains
the data from the case without the plasma shutter at the corresponding time t= 28 T. The third row contains
generated magnetic and electric fields in the directions perpendicular to these of the laser pulse for both
simulated cases.
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In the x–y plane (i.e. the polarization plane of the laser pulse) in figures 7(a) and (e), the high-density
bunches appear at the alternating±y positions, roughly half of the laser pulse wavelength apart. The
structure is more distinct in the case with the plasma shutter, where the electron density exceeds 400 nc.
Moreover, the diameter of the final aperture is smaller compared to the case without the plasma shutter. The
target outside the central region of y=±1.5 µm remains unperturbed. The differences can be ascribed to the
generation of the steep-rising front and increased intensity when the plasma shutter is included (as was
shown in figure 2). Therefore, the mostly unperturbed foil can still interact with the high-intensity part of
the laser pulse and the dynamics is more intense. On the contrary, in the case without the plasma shutter, the
foil (and consequently the generated bunches) needs to interact with a relatively long low-intensity time
profile of the incoming laser pulse, causing their pre-expansion, before the arrival of the high-intensity part.
The same bunch structure is reflected in the x–z plane in figure 7(b) around the position z= 0. On the
contrary, the structure is not observed in figure 7(f), as it is strongly pre-expanded. The figures 7(c) and (g)
show the average electron density (its summation divided by the number of grid points in the x-direction) in
the y–z plane over the same volume denoted by the red rectangles in figures 7(a), (b), (e) and (f). Three
distinct regions are presented in figure 7(c), two lobs around z=±0.75 µm corresponding to the aperture
diameter and a distinctive high-density lob around z= 0 µm. The lobs are prolonged in the y-direction,
which corresponds to the spread by the laser pulse polarization. The lateral lobs were observed in [62] using
a single foil of a lighter material, whereas the amount of electrons in the central lobe was strongly limited in
that case. A less distinctive central lob with lower density is also present in the case without the plasma
shutter (figure 7(g)). The effect of laser polarization on lateral lobs is weaker in this case, as they complete a
ring shape of a similar density around the central lob.

The electron bunches in the case with the plasma shutter are also well coupled with the corresponding
magnetic field in the y-direction (By) as can be seen in figure 7(i). The field exceeds 4 gigagauss at this
timeframe (colors are saturated). This clear structure is not present in the case without the plasma shutter in
figure 7(j), corresponding to the different electron distribution. The structuring of generated magnetic and
electric fields using thin targets becomes a subject of interest recently, e.g. by using flat channel-like targets
for improvement of laser-driven particle parameters like beam divergence [77].

The differences in the electron distribution then manifests itself also in the corresponding ion
distributions in figures 7(d) and (h) via the generated electric field in the z-direction, which are shown in
figures 7(k) and (l). In the case with the plasma shutter (figure 7(k)), two regions of electric fields with
opposite influence on ions arises: (1) the parabolic shape structure which corresponds to the outer electron
cloud around y=±0.75 µm in figure 7(b) and (2) the region inside this cloud with opposite polarity of the
electric field. In this inner region, the Coulomb force F= qE focuses ions (with positive charge q) toward
z= 0 as the electric field is negative for z > 0 and positive for z < 0. This field is present from the x≈ 5.5 µm
(closely behind the initial target position at x= 5 µm) to the peak of the parabolic structure around
x≈ 7.5 µm. The field (figure 7(k)) is stronger at the positions corresponding to the electron bunches in
figure 7(b). Note that the colors are saturated for visualization purposes, the peak field reaches locally values
of a0z ≈±120, even higher than the initial laser pulse with a0y = 85. On the contrary, the parabolic structure
with opposite polarity produces a de-focusing field pushing ions away from the central axis. The structures
in electric field then correspond to the ion profile in the y-z plane in figure 7(d) with two ion lobs pushed
away from the central axis to positions y=±0.75 µm and two thin ion stripes around z= 0, which follows
the electron bunches in the y-direction (figure 7(a)).

The electric field in the case without the plasma shutter (figure 7(l)) contains similar de-focusing
parabolic structure corresponding to a broader electron cloud in figure 7(f). On the contrary, the inner
structure behind the target till x≈ 1.5 µm has opposite polarity around z= 0 than in the case with the
plasma shutter and is thus de-focusing. It results in the low-density region around center in the
corresponding ion distribution figure 7(h)). The ion distribution also contains the transverse instability. The
typical longitudinal stripes along z-axis observed in the similar figures in 3D simulations and experiments
for linear polarization (LP) in [63, 78, 79] are not so clearly visible in figure 7(h), as the inner field is weaker
than the one of the parabolic structure (figure 7(l)). On the contrary, the inner field is the dominant part in
the case with the plasma shutter (figure 7(k)), producing the stripe in the middle of figure 7(d). Therefore,
the transverse instability is suppressed, when the plasma shutter is included, as can be seen by comparing the
figures 7(d) and (h). This observation is in agreement with [28], where the steep-front laser pulse (which was
assumed to be possibly produced by the plasma shutter) was used for mitigation of this kind of instabilities.

This development affects the final silver ion energy spectra and angular distribution as is shown in
figure 8 at time t= 70 T, when the acceleration in all cases already ended.

The circular polarization (CP) is often proposed for the RPA dominated regimes of ion acceleration as an
alternative to LP to increase the maximal ion energy, reduce energy spread and divergence of the ion beam
[15, 34, 57, 58]. Therefore, additional 3D simulations with and without the plasma shutter using CP were
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Figure 8. Properties of silver ions from the 3D simulations with the plasma shutter (W/1×Sh) and without (W/O-Sh) for LP and
CP. (a) Energy spectra at the end of the simulation (t= 70 T), (b) time evolution of the maximal energy. Angular distributions of
ions with energy over 55 MeVA−1 in the x–z plane (c), (d), (e) and x–y plane (f).

made for comparison. Their results are also included in figure 8 via yellow and deep purple lines and
discussed in the last paragraph of this section.

In the LP cases (blue and red lines), maximal energy rises from 115 to 155 MeVA−1 (about 35%) when
the plasma shutter is included in the simulation. The increase occurs, even though about 50% of the laser
pulse energy is consumed by the plasma shutter as was shown in figure 3(b). The integrated number of
high-energy ions is larger in the simulation with the shutter for energy above 65 MeVA−1, although the total
number of all accelerated ions is lower. The time evolution of the maximal energy of silver ions are shown in
the inset of figure 8(b). The time was shifted by 5 T in the case without the plasma shutter as the target is
shifted by 5 λ. The time profile is similar in both cases. The gradual change from the exponential rise,
corresponding to the RPA [14] (which can be in principle unlimited [80]), to logarithmic rise can be spotted
in both lines around the time t= 30 T. The target becomes partially (relativistically) transparent around this
time, as can be inferred from the figure 6(b). The transmitted laser pulse front is about 10 µm ahead from
the target at time t= 40 T. The RPA still significantly contributes to ion acceleration till time 33 T in the
simulation with the shutter as the front of electron layer around the position x= 7 µm (figure 7(b)) is still
compact. However, the density of the electron layer is decreasing, resulting in slower rise of maximal energy
and partial transparency. Therefore, other mechanisms involving the relativistic transparency, like hybrid
RPA-TNSA [19] and directed coulomb explosion [81] also take place at this stage. The rise of maximal
energy in this stage (33–40 T) is noticeably lower compared to the previous stages. At time 40 T most of the
laser pulse already left the area where the plasma is located as can be seen in figure 6(b). Only a small rise of
ion energy is observed afterwards. Details on the influence of different acceleration mechanisms, supported
by density profiles of electrons and silver ions, are included in the appendix.

The beam-like structure is reflected in the angular distribution of accelerated ions (energy above
55 MeVA−1) in figures 8(c)–(f) at time t= 70 T. In the x–z plane (comparing momenta in x and z
directions) in figure 8(c), a narrow central bunch of particles is visible when the shutter is included (red).
The divergence at the FWHM of the bunch is around 5◦, whereas the case without the shutter generates a
broad bunch divided into three directions with overall divergence over 35◦. Another advantage of the use of
the shutter is the space positioning of the ion bunch. In the case without the plasma shutter, the central part
of the ion angular distribution is significantly reduced when a ‘pinhole’ is introduced filtering out the ions
with radial position r > 3 µm away from the central axis, as can be seen in figure 8(d). If the filtering is done
only in the y-direction, the lateral parts of the bunch prevails over the central part in the case without shutter
(figure 8(e)). On the contrary, the central part prevails in the case with the shutter. The shutter has also a
positive effect on the divergence at the FWHM in the x–y plane figure 8(f)), which is reduced from over
28.5◦ to about 18.5◦. This can be ascribed to the generation of the steep-rising front of the incident laser
pulse as is discussed in the section 3.3.

In the CP cases, the silver ion spectra are similar to their LP counterparts (figure 8(a)). The increase of
maximal ion energy when the plasma shutter is included is even slightly higher than for the LP (about 44%).
In the simulations with the shutter, the change of the polarization affects mostly the tail of the silver ion
spectra, which experiences slight increase of maximal energy from 155 to 164 MeVA−1. The time evolution
of maximal ion energy of the CP simulations (figure 8(b)) infers that the main acceleration phase starts later
and lasts longer than in the LP cases. The CP inherently stabilizes the pulse interaction with the plasma
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Figure 9. Spiral structure in the 3D simulations with CP. (a) The angle between Ey and Ez fields (calculated as four-quadrant
inverse tangent) in the plane y–z, at position x= 5 µm from the simulation with only shutter (the target was not included in this
simulation. This angle is constant in individual y–z planes for the CP before penetrating the plasma. (b) 3D volumetric
visualization from the simulation with both the shutter and the target (3D W/1×Sh - CP) at earlier time. The laser pulse electric
field (a0) is represented by the red scale, electron density by the blue scale and silver ion density by the green scale.

shutter (and the Mf) and thus delays the onset of relativistic transparency. It also results in lower amount of
pulse energy being transmitted through the plasma shutter (38.4% compared to 47.9% for the LP). On the
other hand, the effect of divergence reduction with the inclusion of the shutter is strongly reduced in the CP
simulations. The divergence of the silver ion beam is higher compared to the LP simulation with the shutter
(but still lower compared to the LP case without the shutter) as can be seen in figures 8(c)–(f)). In the
simulations with the shutter the divergence increases from 5◦ to about 27◦ in the x–z plane and from 18.5◦ to
about 25◦ in the x–y plane compared to the LP case. Note that the CP laser pulse transmitted through the
shutter also generates a spiral-like, rotating laser diffraction structure as previously observed in [62, 82]. The
spiral structure from our 3D simulations is shown in figure 9.

3.5. The use of a double plasma shutter and prepulse filtering
The interaction of the ultraintense pulse with the target having a step-like density profile may be hard to
achieve even with nowadays technology. Therefore, we propose the use of a second plasma shutter, which will
be used to mitigate the prepulses accompanying the main pulse.

We run a 2D hydrodynamic simulation of prepulse with intensity of 1012 Wcm−2 interacting with an
aluminum shutter with areal density roughly the same as in the case of silicon nitride shutter. The 2D density
profile from this simulation after 125 ps of interaction is then used as input data into a 2D PIC simulation in
a form of a pre-expanded shutter, placed at the position x=−5 µm. The simulation also contains the
previously used setup of the non-expanded plasma shutter at x= 0 µm and silver target at x= 5 µm (see
figure 10(a)). This case is hereinafter referred to as W/2×Sh in analogy to the reference 20 nm cases without
any shutter (W/O-Sh) and with one non-expanded shutter (W/1×Sh) used in previous sections. The
remaining electron density of the expanded plasma shutter is still above the critical density. Therefore, the
plasma shutter can efficiently filter out this kind of prepulses with duration (at least) up to 125 ps, justifying
the step-like densities of the second plasma shutter and the silver target in the simulation of this case.

The silver ion energy spectra at the end of the simulation (t= 70 T) of the cases W/O-Sh (blue), W/1×Sh
(red) and W/2×Sh (deep purple) from 2D simulations are shown in figure 10(b). When both shutters are
used in the simulation, the maximum silver energy still increases from 157 to 167 MeVA−1 compared to the
simulation without the shutter. Note that the energy spectra of the cases of W/1×Sh and W/2×Sh are very
similar for ions with energy up to 160 MeVA−1 and only the most energetic ones are affected by the addition
of the pre-expanded shutter. Therefore, maximal energy closer to the case of W/1×Sh (179 MeVA−1) can be
theoretically reached with optimal thickness, expansion and positioning of the pre-expanded shutter. The 2D
simulations in figure 10(b) results in higher maximal energies than their 3D counterparts in figure 8(a). The
simulations without shutter experience more significant drop of the maximal energies when the simulation
dimension increases from 2D to 3D (42 MeVA−1) compared to the simulations with the shutter
(24 MeVA−1). Therefore, the increase of the maximal energy in the W/2×Sh case compared to W/O-Sh case
may be more significant in 3D even for the presented configuration.
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Figure 10. Combining PIC and hydrodynamic simulations. Electron density at the beginning of the PIC simulations: (a) using the
double plasma shutter (first one pre-expanded by the 125 ps long prepulse, silver target at x= 5 µm). (c) Without any plasma
shutter (silver target at x= 0 µm, pre-expanded by the same prepulse). Colors are saturated at ne = 5 nc. Silver ion energy spectra
at the end of the simulations (t= 70 T): (b) comparing the 2D cases from the section 3.2 without the shutter (W/O-Sh), and with
the shutter (W/1×Sh) with the simulation using the double plasma shutter (W/2×Sh). (d) The use of different length of
prepulses (PP) in the simulations without the shutter.

One also needs to keep in mind, that the ion energy in the case W/O-Sh are overestimated compared to
the W/2×Sh case, as no prepulse was assumed in this simulation. When the same prepulse of 125 ps is used
in the hydrodynamic simulation with the silver target, the originally ultra-thin target of 20 nm expanded into
a few microns of overdense plasma predeceased by a long preplasma (figure 10(c)). It results in a significant
drop of the maximal energy compared to the previously optimized simulation. Several simulations with the
density profiles obtained from the different time of hydrodynamic simulation with the prepulse were
performed. The decrease of the maximal energy with the increase of the prepulse duration (PP) is shown in
figure 10(d). Therefore, to fully understand the impact of the double plasma shutter scenario, one needs to
compare the deep purple lines in figures 10(b) and (d), which captures the same physics. This comparison
provides the increase of maximal energy from 64 to 167 MeVA−1.

Our theoretical finding leads to the formulation of an idea of a double plasma shutter, which prototype
was prepared at the Czech Technical University (see the photo in the inset of figure 11(a)). It consists of two
commercial silicon nitride membranes separated by SiO2 monodisperse microspheres. Therefore, a parallel
surface between two layers is provided with the same spacing of 5.88 µm as can be seen in the snapshot from
the scanning electron microscope (SEM) in figure 11(a). The two membranes have a thick protective frame
made of silicon (thickness of 200 µm) with a thin window of silicon nitride (30 nm). The window is located
at the edge of the one side of the membrane. Therefore, the double plasma shutter is created by these two
windows facing each other as depicted in the scheme in figure 11(c). Multiple windows can be present on one
shutter. Therefore, it can be used for high-repetition experiments using the target tower [83, 84]. For our
laser and target parameters (requiring only a small gap between the shutter and target) another approach,
with the two shutter windows oriented in the same direction (as shown in figure 11(d)), may be more
practical. Note that for this implementation the manufactured frame of the shutter window should be
thinner than in figure 11(c). The target can be attached either as the third window oriented in the same
direction with the frame thickness corresponding to the required gap, using the microspheres
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Figure 11. Prototype of the double plasma shutter. (a) SEM micrography: side view on the gap between two plane-parallel silicon
frames. The top view of membrane with silicon frame is shown in the inset, window size is 5× 5 mm. (b) SEM micrography: top
overview of a sililicon surface with the micro-islands created by closely packed SiO2 microspheres after drying up of a droplet of
ethanolic dispersion. A partially enlarged detail image is embedded in the lower right corner. The diameter of microspheres is
5.7 µm with standard deviation of 0.2 µm. (c) Schematic cross-section depicting arrangement of the sandwich-like assembly of
two windows with microspheres as bondline spacers to maintain a controlled gap. (d) Schematic cross-section of the double
shutter realized by two windows oriented in the same direction and target attached with the similar set-up using microspheres as
in (c).

(as in the previous scheme) or other spacer elements attached directly by the manufacturer. The
microspheres option (shown in figure 11(d)) provides a possibility of an on-site modification of the gap size
and the target structure for several experimental setups with prefabricated double shutter. The silver target
can be either a standalone silver foil or a silver layer applied to an ultra-thin silicon nitride holder. The holder
can be fabricated with thickness down to a few nm [85] to limit its effects on the silver ion acceleration. Note
that the silver layer can be applied to either side of the holder, depending on the application.

4. Conclusion

In conclusion, we investigate the application of the plasma shutter for heavy ion acceleration driven by a
high-intensity laser pulse using 3D and 2D PIC simulations. The laser pulse, transmitted through the plasma
shutter, gains a steep-rising front and its peak intensity is locally increased at the cost of losing part of its
energy, depending on the shutter thickness. These effects have a direct influence on subsequent ion
acceleration from the ultrathin target located behind the plasma shutter. The parameters like target and
shutter thicknesses, size of the gap between them, and the effects of the pulse-front steepness are investigated
using 2D PIC simulations for the case of a silicon nitride plasma shutter, a silver target and a linearly
polarized laser pulse. In the follow-up 3D simulations of our reference case, the maximal energy of silver ions
increases by 35% when the plasma shutter is included. Moreover, the steep-rising front of the laser pulse
leads to the formation of high-density electron bunches. This structure (which also appears in the generated
electric and magnetic fields) focuses ions toward the laser axis in the plane perpendicular to the laser
polarization. The generated high energy ion beam has significantly lower divergence compared to the broad
ion cloud, generated without the shutter. In the absence of the plasma shutter, the structures are
pre-expanded by the low intensity part of the laser pulse and the subsequent onset of transverse instability.
This instability observed in ion density is thus efficiently reduced using plasma shutter. 3D simulations with
the CP with and without the shutter are performed for comparison. The increase of maximal ion energy in
the simulation with the plasma shutter is observed also for the CP (by 44%). The use of the CP in
combination with the plasma shutter results in a slight increase of maximal ion energy, but also increase of
the ion beam divergence compared to the corresponding simulation with a LP.
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The efficiency of the processes introduced by the plasma shutter may be reduced by the previous shutter
interaction with a long prepulse. Therefore, the effects of sub-ns prepulses are investigated using a
combination of 2D PIC and hydrodynamic simulations assuming a double plasma shutter. The first shutter
can withstand the assumed sub-ns prepulse (treatment of ns and ps prepulses by other techniques is
assumed, alternatively increasing the thickness of the first shutter may filter out longer prepulses). Therefore,
the processes of the steep front generation and the local intensity increase can develop via interaction with
the second non-expanded shutter. The increase of the maximal ion energy compared to the simulation with a
step-like density target without any shutter is demonstrated also in this case. Moreover, the comparison with
a silver target pre-expanded by the same sub-ns prepulse as in the double shutter scenario results in an
increase of maximal silver energy by the factor of 2.6 in the 2D simulations. A prototype of this double
shutter is presented and the design of the whole shutter-target setup is discussed.
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Appendix. Details on the influence of different accelerationmechanisms

As the silver target is ultra-thin, several acceleration mechanisms (and their combination) are acting together
during the laser target interaction. From the time evolution of maximal ion energy in figure A1(a) at least
four different stages can be inferred. The time instants when the stages switch are highlighted by the grid in
figure A1 (times 30, 33 and 40 T). The electron and silver ion density are shown in the respective time
instants (and at time 36 T) in figure A2. The density of silver ions was multiplied by Z= 40 in order to
visualize them with the same logarithmic color scale as electrons. The simulation data were recorded with
time interval corresponding to laser period T.

The first stage is dominated by the RPA mechanism and last till 30 T. Around this time the laser pulse
starts to penetrate through the target as can be seen comparing figures A1(b) and (c) and the temporal
evolution of maximal energy stops having an exponential rise, connected to (in principle unlimited [80])
RPA and continues with slower rise afterwards. The shell structure (typical for RPA) is developed in the silver
ion density distributions in figures A2(e) and (m). The RPA still significantly contributes to ion acceleration
in the second stage till time 33 T. This can be seen from figures A2(f) and (n) as ions still keep a compact
shell structure. The ions with highest energy (located at the front of the ion cloud) follow the front electron
layer around the position x= 7 µm. However, the density of the electron layer is decreasing, resulting in
slower rise of maximal energy in figure A1(a). The electron distribution now consists of high-density
electron bunches and low-density regions around them (figures A2(b) and (j)), thus being partially
(relativistically) transparent. Therefore, other mechanisms involving the relativistic transparency, like hybrid
RPA-TNSA [19] and directed coulomb explosion [81] also take place at this stage.
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Figure A1. (a) Time evolution of maximal ion energy. (b), (c) Electron density around the time of laser penetration from the 3D
simulation with the shutter and LP (3DW/1×Sh - LP).

Figure A2. Electron and silver ion densities in the x–z and x–y slices of the 3D simulation with the shutter and LP (3DW/1×Sh -
LP).
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In the third stage between time instants 33 and 40 T the laser pulse propagates through the plasma as can
be observed in figures A2(c) and (k). The influence of RPA thus drops significantly and regimes operating
with relativistic transparency dominate in this stage. The rise of maximal energy in figure A1(a) is noticeably
lower in this stage. At time 40 T most of the laser pulse already left the area where the plasma is located as can
be seen in figure 6(b). The structures in electron density (figure A2(d)) and figure A2(l) expand and slowly
disappear. Only a small rise of ion energy is observed afterwards in the last stage.
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