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Abstract

mgr inż. Przemysław TCHÓRZ

Laser induced proton – boron fusion using TW-class laser system – study of novel
approach employing protons produced during thermonuclear D(d,p)T reaction

Majority of current research related to proton-boron approach of laser fusion
employ hundreds of TW and PW-class laser systems to increase yield of al-
pha particles produced during p + 11B reaction. Recently, such laser systems
became much more accessible, however the importance of enabling as many
research groups as possible to contribute in the laser-fusion field requires
seeking alternative approaches that could be implemented using moderate
laser intensities. This dissertation is written in regard of generation of en-
ergetic (Emax > 4 MeV), intense and directed proton beam during Cavity
Pressure Acceleration (CPA) scenario of laser-matter interaction, where CD2

powder was used inside the target cavity. The origin of these protons is one
of deuterium-deuterium fusion reaction channels, in which 3

1H and p+ are
produced. The applicability of this approach is discussed based on mag-
netohydrodynamic simulations by evaluation of thermodynamical parame-
ters, such as density, electron temperature and pressure arising during laser-
matter interaction, which are crucial for driving the themronuclear reactions.
The measurements of proton energy spectra carried out during experimental
session served as an input for Monte Carlo simulations (FLUKA) of proton
beam colliding with boron targets of different thickness, which suggest po-
tential for few-TW laser systems to generate alpha particle flux comparable
to these achieved using the most powerful laser beamlines.
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Abstrakt

mgr inż. Przemysław TCHÓRZ

Laserowo indukowana fuzja proton-bor z wykorzystaniem układów laserowych
klasy TW - badanie alternatywnego podejścia wykorzystującego wiązki protonowe
wyprodukowane podczas reakcji D(d,p)T

Większość obecnie prowadzonych badań nad laserowo indukowaną reak-
cją fuzji typu proton-bor wykorzystuje do tego celu układy laserowe o mo-
cach sięgających od setek terawatów do petawata w celu zwiększenia ilości
cząstek alfa produkowanych podczas reakcji p + 11B. Od niedawna układy
laserowe tej klasy stały się szerzej dostępne, jednakże umożliwienie jak naj-
większej ilości grup badawczych rozpoczęcia bądź kontynuowania badań
dotyczących fuzji z wykorzystaniem laserów wymaga znalezienia alterna-
tywnych rozwiązań które umożliwiłyby stosowanie do tego celu układów
laserowych o umiarkowanych intensywnościach impulsu, w klasycznym po-
dejściu uważanych za niezdolne do produkcji wysokoenergetycznych proto-
nów. Istotą poniższej rozprawy jest zbadanie możliwości produkcji inten-
sywnych, wysokoenergetycznych (Emax > 4 MeV) oraz ukierunkowanych
wiązek protonowych poprzez wykorzystanie metody Cavity Pressure Acce-
leration (CPA), w której jako element paliwowy we wnęce użyty jest sprosz-
kowany, deuterowany polietylen. Źródłem wysokoenergetycznych proto-
nów w tym scenariuszu jest jeden z kanałów reakcji fuzji typu deuter-deuter,
w którym produkowane są tryt 3

1H oraz proton p+. Skuteczność zapropono-
wanej metody została oceniona na podstawie symulacji magnetohydrodyna-
micznych poprzez ewaluację parametrów plazmy takich jak gęstość, tempe-
ratura elektronowa oraz ciśnienie plazmy powstałej w ramach interakcji im-
pulsu laserowego z tarczą typu cavity. Widma energetyczne wiązek protono-
wych, zarejestrowane podczas sesji eksperymentalnej w której wykorzystano
mechanizm Cavity Pressure Acceleration, posłużyły jako dane wejściowe do
symulacji Monte Carlo wykonanych przy pomocy kodu FLUKA, w których
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zadana wiązka protonowa oddziaływała z tarczami borowymi o różnej gru-
bości oraz składzie chemicznym. Otrzymane rezultaty wskazują na możli-
wość użycia układów laserowych o mocach nieprzekraczających kilku tera-
watów do produkcji strumieni cząstek alfa, których intensywność jest bliska
wartościom uzyskiwanych przy użyciu najintensywniejszych układów lase-
rowych na świecie.
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1

1 Introduction

1.1 Laser-based approach to fusion - a brief overview

Shortly after the development of first lasers, the idea of applying them in
nuclear research was obvious. One of the most prominent concepts involv-
ing lasers is so called Inertial Confinement Fusion (ICF) - the fusion scenario
firstly proposed by Nuckolls [1] - in which, contrary to Magnetic Confine-
ment Fusion, the ignited plasma lifetime is determined only by its own iner-
tia.

Along the years, ICF branched into three main approaches: direct-drive,
in-direct drive and fast ignition scenario as pictured on Figure 1.1. Direct-
drive implosions of deuterium-tritium (DT) fuel pellet require irradiation of
the spherical target by multiple laser beams, granting direct energy transfer
between laser pulses and the pellet surface. However, the non-uniformities
and instabilities arising during the later stages of shell compression are highly
dynamic and difficult to control.

FIGURE 1.1: Basic approaches to inertial confinement fusion -
direct-drive (a), fast ignition (b) and in-direct drive (c) schemes.

Taken from [2]

In-direct drive scenario of ICF is based on irradiation of the high-Z hohlra-
um’s inner wall to produce X rays which then ablate the fuel pellet shell.



2 Chapter 1. Introduction

This approach grants smoothing of the nonuniformities comparing to direct-
drive, however at the cost of two-staged (laser - x ray - target) energy transfer
which results in lower efficiency of the process comparing to direct irradia-
tion of the target. Despite that, in last years the experiments conducted at
Natinal Ignition Facility (USA) [3, 4, 5] resulted in breakthrough of achieving
ignition of the fuel (Q = 1.54) for the first time in history on December 5th,
2022, providing 3.15 MJ of fusion energy from 2.05 MJ transported to target
by means of 192 laser beams [6].

Although successful, the DT-based indirect-drive fusion experiments are
in minority of the laser-induced fusion research due to specific technical dif-
ficulties and requirements, as well as limited accessibility of facilities capable
to perform them. In spite of increasing number of laser systems around the
world, offering impulse power up to petawatts, attempts to examine other
candidate reactions for laser induced fusion arose. This thesis is devoted to
the proton - boron fusion (1.1.3), which in recent years is intensively explored
both by experimental and theoretical groups.

One of the key aspects of this reaction when utilizing lasers is generation
of proton beam of suitable parameters to drive it, one of which is roughly
650 keV of centre-of-mass energy, therefore the basics of laser-induced ion
acceleration will be presented in the next subsection of this document.

1.1.1 Laser ion acceleration - Target Normal Sheath Accelera-

tion

Dating back to year 2000, three independent laser-matter experiments
[7, 8, 9] reported presence of multi-MeV (1.5 MeV, 18 MeV and 58 MeV re-
spectively) protons when irradiating solid, several microns thick targets with
intense laser pulses. These ions were detected on the opposite side to the
laser-illuminated surface and exhibited geometrical collimation rather than
isotropic emission. In 2001 for the first time the Target Normal Sheath Ac-
celeration model was introduced, explaining the generation mechanism of
these energetic particles [10].

As of today, a number of other laser ion acceleration mechanisms were
reported, such as Radiation Pressure Acceleration (RPA) [11, 12], Collision-
less Shock Acceleration (CSI) [13], Break-Out Afterburner [14] or Magnetic
Vortex Acceleration [15], however the TNSA approach is the most relevant
to this thesis due to laser pulse intensity level available in Institute of Plasma
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Physics and Laser Microfusion’s High Power Laser Laboratory, where part
of the experimental results was gathered.

In majority of laser ion acceleration experiments, the laser-plasma interac-
tion occurs with use of the solid targets, for which electron density of created
plasma ne exceeds the critical (or cutoff) density

nc =
meω

2

4πe2 = 1.1 × 1021 cm−3
(

λ

1 µm

)−2

, (1.1)

where ω = 2πc
λ is laser frequency, me is mass of an electron, c is the speed of

light and λ is the wavelength of laser pulse. The ne > nc condition grants that
no propagation of laser pulse in plasma can occur. However, the absorbed
energy is transported inside the target by energetic (often referred as hot or
fast) electrons accelerated from the plasma plume, which temperature is in
the range Te ≈ 10 keV − 10 MeV. These electrons penetrate the volume of
the target and reach it’s rear side, creating a so-called electron Debye sheath.
Due to unbalance of the charge in the system, the electric field is generated
along normal to the rear side of the target.

FIGURE 1.2: Schematic of Target Normal Sheath Acceleration
mechanism. Taken from [16]



4 Chapter 1. Introduction

The intensity of generated electric field can be estimated as

ϵacc =
Te

eλDe
, (1.2)

where λDe is Debye length. According to range of Te, the ϵacc is in the range
108 − 1011 V

cm . Such value of electric field results in ionization of contamina-
tions on the rear side of the target and their acceleration together with light,
positively charged ions that were ionized within the target volume.

In the last 20 years, since the TNSA model of laser ion acceleration was
firstly proposed, the mechanism of accelerating ions using super-intense laser
fields (corresponding to intensities of pulse and wavelength by relation
ILλ2

L > 1018 W/cm2) was verified and tested in hundreds of experiments us-
ing different levels of laser intensity, revealing in great detail the properties
of TNSA ion beams, such as quasithermal distribution with a sharp cutoff at
a maximum energy [17] or compact angular and spatial distribution of the
beam [18]. In recent years, both influence of target characteristics [19] and
sophisticated laser pulse parameters [20] are under heavy investigation to
further improve the key features of laser-induced ion beams.

More recent exeriments preformed on frontier laser facilities, due to power
of pulses reaching PW level, exploit hybrid acceleration scenarios, where
TNSA mechanism is accompanied by other mentioned earlier acceleration
scenarios. In most cases, as the laser-matter interaction enters so-called Rela-
tivistic Induced Transperency (RIT) regime when very thin (< 1 µm) targets
are used, both TNSA and RPA mechanisms are being observed [21, 22], re-
vealing possibility to obtain proton energies up to 100 MeV [23].

1.1.2 Cavity Pressure Acceleration

In 2005, a concept of so-called Impact Fast Ignition (IFI) was proposed as
an alternative scenario for direct-drive approach to ICF [24]. This approach
is based on accelerating a fraction of independently compressed DT fuel in
a hollow conical target, which then ignites pre-compressed fuel pellet. The
key requirement for this scenario to be successful is very high velocity of the
accelerated projectile (which will be from now on described as macroparticle),
exceeding values of vp > 108 cm

s while maintaining compression density in
the range 300 − 400 g

cm3 during impact. The main drawback of this method
was poor hydrodynamic efficiency of the ablative acceleration (following so-
called rocket model) of the impactor.
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FIGURE 1.3: Schematic of Impact Fast Ignition method. Taken
from [24]

In 2008 an alternative method of accelerating the flyer, named Reverse
Acceleration Scheme (RAS) was demonstrated during an experimental cam-
paign at Prague Asterix Laser System (PALS) in Prague, Czech Republic [25].
Briefly, the idea was to produce hot, expanding plasma during laser irradia-
tion of the massive Cu target, which then served as a piston for thin Al foil,
resulting in acceleration of the flyer without removing significant fraction of
it’s mass when using classic ablative acceleration approach (Fig. 1.4). In re-
sult, a velocity of the 10 µm Al flyer equal to v f = 1.3 × 107 cm

s was obtained.
Moreover, the accelerated foil mass appeared to be approximately constant
during acceleration stage, as it was predicted in [26].

FIGURE 1.4: Initial experimental design of target for Reverse
Acceleration Scheme. Taken from [25]
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A year later, in 2009, the previously successful target design was further
upgraded by implementing a cavity, which serves role of energy trap which
confine and pressurize the plasma before accelerating the flyer [27] (Fig. 1.5).
The confinement of the plasma inside the cavity proved to be very efficient
way to accelerate not only thin foils, as described in previous experiment, but
even heavy macroparticles (300 − 500 µm thick foil fragments). From now
on, described mechanism of acceleration was referred to as Cavity Pressure
Acceleration (CPA).

FIGURE 1.5: Reverse Acceleration Scheme target with cavity
- the first Cavity Pressure Acceleration experimental design.

Taken from [27]

In 2011 another article devoted to CPA method was published. In con-
trary to Cavity Pressure Acceleration demonstrated previously, which is quite
difficult to use in applications due to the direction of the accelerated macropar-
ticle, during this experiment another variant of CPA, namely Forward Accel-
eration Scheme (FAS), was introduced [28] (Fig. 1.6).

FIGURE 1.6: Target design for Forward Acceleration Scheme
experiment. Taken from [28]

This approach allows to accelerate flyer disks in forward direction in the
ablative acceleration manner, however the introduced conical exit channel
guides and stabilizes the macroparticle and the cavity helps to sustain the
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high pressure of the plasma. Moreover, it was observed that covering the exit
channel with thin metallic foil further increase the density of the projectile,
however at the cost of macroparticle speed (Fig. 1.7).

FIGURE 1.7: Interferometric frames of macroparticle propaga-
tion using open channel (a) and closed channel (b) of FAS type

targets. Taken from [28]

The RAS method was also modified and tested during this experimental
campaign. Instead of producing plasma by directly irradiating the cavity
chamber wall, a low density (polystyrene (PS) or Al) ablator was mounted
inside the cavity (Fig. 1.8).

FIGURE 1.8: New Cavity Pressure Acceleration target design
with low density ablator. Taken from [28]

This modification improved the measured velocity of the macroparticle
comparing to previous findings of Borodziuk, resulting in
v f > 7 × 107 cm

s for both 10 µm Al and 20 µm PS foils (Figure 1.9). Con-
sidering that at the time the highest velocity of flyer was obtained at NRL
facility (Washington, USA) using krypton fluoride laser NIKE and 10.5 µm
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thick CH foil targets [29], one can say that CPA method matched or even
exceeded these results.

FIGURE 1.9: Measurement of macroparticle velocity using in-
terferometric system for ablator-equipped cavity type targets.

Taken from [28]

Aside from already mentioned works, a similar concept of cavity-type tar-
get was also proposed in context of laser-ion acceleration rather than macropar-
ticle acceleration, formerly called LICPA (Laser Induced Cavity Pressure Ac-
celeration). In this approach, the light of ultra-high intensity (IL > 1020 W

cm2 )
irradiates thin, sub-micron thick target which is placed inside the cavity. At
such high intensities, the ion acceleration is dominated by so-called Radi-
ation Pressure Acceleration (RPA) mechanism, in which the target bulk is
accelerated instead of contaminants at it’s rear side [30]. The introduction
of the cavity allows the light to reflect back into the target, which results in
an increase of both energy conversion (between laser pulse and the ions) and
maximum energies of ions up to a few times higher comparing to the conven-
tional RPA approach [31]. It was also experimentally proven that following
LICPA approach, shocks characterized by Gbar level of pressure and over
100km/s velocity can be obtained (Fig. 1.10), which are of great importance
for inertial fusion energy research in terms of equation-of-state of matter in
extreme conditions [32].

In 2020, roughly 10 years after last experimental activities regarding CPA
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FIGURE 1.10: Dimensions of craters created during impact of
LICPA-accelerated flyer (a) in comparison to ablative accelera-

tion (b) and direct laser irradiation (c). Taken from [32]

scheme, the idea was revisited with slightly different setup. Instead of metal-
lic flyers, deuterated polyethylene CD2 was used [33] (Fig. 1.11). This ad-
dition allowed to verify that the energy of released plasma stream is suffi-
cient to enable D + D → 3

2He + n reaction and diagnose the impact condi-
tions similarly to work of Karasik et al. [29]. Similar to previous experi-
ments with CPA method [28], a channel was introduced to improve accel-
eration process. In result, the observed neutron yield of Nn ≈ 3 × 106 was
comparable with yield values obtained in laboratories equipped with short-
wavelength lasers of significantly higher energies.

FIGURE 1.11: Latest iteration of Cavity Pressure Acceleration
targets suitable for neutron production. Taken from [33]

In 2022 the most recent CPA related experiment was performed at PALS
laboratory, resulting in extraordinary results (yet to be published) in regard
of neutron production, placing CPA method among the most efficient exper-
iments devoted to generation of neutrons using lasers. Importantly, unusual
at first, streams of very energetic protons (Emax > 4 MeV) were observed. The
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explanation of generation and potential application of these proton beams
are fundamental for this thesis and will be covered in greater detail in 2.1
and 3.2.1.

1.1.3 Proton - boron fusion scenario - laser-based approach

Despite recent scientific breakthroughs, both in Magnetic Confinement Fu-
sion and Inertial Confinement Fusion, the fusion in which DT fuel is used
faces severe challenges, related to both engineering and general physics.
Availability, breeding and on-site managment of tritium, as well as the ra-
diation damage caused by high-energy neutrons created during this fusion
scenario and activation of materials used to build reactor are the biggest con-
cerns of this approach. Awareness of these issues is the main motivation to
pursue alternative approaches in attempt to simplify the road to commercial
fusion energy.

Reaction σ10kev (barn) σmax (barn) ECoM at σmax (keV) Q (MeV)
D + T → 4He + n 2.72 × 10−2 5.0 64 17.59
D + D → T + p 2.81 × 10−4 0.096 1250 4.04

D + D → 3He + n 2.78 × 10−4 0.11 1750 3.27
T + T → 4

2He + 2n 7.90 × 10−4 0.16 1000 11.33
D + 3He → 4

2He + p 2.2 × 10−7 0.9 250 18.35
p + 6Li → 4

2He + 3He 6 × 10−10 0.22 1500 4.02
p + 11B → 34

2He 4.6 × 10−17 1.2 675 8.68

TABLE 1.1: Table of considered fusion reactions cross-sections
for future power plants

One of the most interesting known fusion reactions is synthesis of proton
and boron, which leads to production of three alpha particles carrying total
energy of 8.76 MeV. The crucial aspect of this fusion scenario is absence of
the neutrons among the products, which eliminates issue of material activa-
tion and limits nuclear waste. Another advantage of proton-boron fusion is
that only abundant and stable isotopes are required, therefore no breeding,
radiation protection and special security requirements need to be adressed,
contrary to reactions involving tritium. These properties are the reason for
considering p + 11B reaction as a "holy grail" of fusion energy [34].

Despite all the advantages, due to requirement of sustaining extreme tem-
peratures of plasma in order to achieve ignition, proton-boron fusion field
did not receive as much attention as DT fusion and in result was abandoned
by majority of groups. However, due to rapid growth and advancements of
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FIGURE 1.12: DT, DD, and P-B11 cross-sections. Taken from
[35]

laser technology, in the last decade a number of experiments demonstrated
possibility of obtaining high α particle yields during interaction of intense
laser pulses with materials containing isotopes of boron.

The beginning of the revival of aneutronic fusion experiments dates back
to 2005, when for the first time production of alpha particles in thermonu-
clear reaction 11B(p, α)8Be was experimentally observed [36], resulting in
Nα = 2 × 105 sr−1 yield of alpha particles. In this case, laser pulses of energy
up to 15 J, wavelength of 1.055 µm and pulse duration 1.5 ps were used to
irradiate either 300 µm or 500 µm thick composite targets 11B + (CH2)n (50%
of weigth being 11B). The next experimental evidence of α production from
p + 11B reaction was published 3 years later, using ABC laser (Frascati, Italy)
of intensity on the level of 3 × 1015 W

cm2 (EL ≈ 100 J, τL ≈ 2 ns) and resulting
in Nα ≈ 104 sr−1 [37]. In both of these experiments, the proton acceleration
and alpha production took place in the volume of the single target, thus such
experimental setup is often referred to as in-target.

Several years later, another approach was presented by Labaune et. al
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[38]. The alpha production in this case was separated into two stages. Firstly,
acceleration of protons from solid, thin foils (both Al or CH targets were
used) by means of TNSA mechanism was performed using laser pulses de-
livering 20 J in 1 ps at 0.53 µm wavelength. Then, interaction of produced
proton beam with secondary, natural boron target placed 1.5 mm away took
place. The secondary target was either solid or irradiated with 400 J, few
ns, 0.53 µm laser light in order to produce boron plasma before interaction
with protons. This new two-staged approach, resembling beam-target exper-
iments, resulted in orders of magnitude higher then previously alpha yield -
the highest measured fusion rate reached Nα = 9 × 106 sr−1. Such configura-
tion of primary (pitcher) and secondary (catcher) target is often referred to as
pitcher-catcher.

From that point on numerous successful experiments were performed
[39, 40, 41, 42, 43, 44] (Fig. 1.13), following either in-target or pitcher-catcher
scenarios. Currently, the highest reported number of produced alpha parti-
cles in aneutronic reaction experiments is reaching Nα ≈ 1011 [42].

FIGURE 1.13: Progress of alpha particle production in laser-
based experiments in past years. Taken from [35]
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Although successive increase of alpha yield over the last few years is im-
pressive, these values are still far from obtaining the scientific breakeven level
of fusion reactions rate. Taking into consideration the Q-value of p+ 11B reac-
tion equal to Q = 8.76 MeV and the fact that so far best results were obtained
using kJ-class laser systems, one would need to produce 2.15 × 1015 alpha
particles to reach energy output equal to energy input of 1 kJ [35], mean-
ing that the current maximum normalized yield is at 10−4 of this value. To
close the gap between what’s achievable and what has to be achieved, novel
approaches to both targetry and proton beam production in proton-boron
reaction have to be developed and tested.

1.1.4 Thesis statement

Except for the work of Labaune et al. [38], the success of all recent experi-
ments devoted to proton-boron fusion and increase of fusion rate and alpha
yield was possible mostly as a result of increasing the laser pulse intensity by
exploiting up to PW-class laser systems which provide hundreds of Joules in
times as short as single femtoseconds. Higher intensities of laser pulse allow
to increase the maximum energy, as well as the number of accelerated pro-
tons that undergo the reactions with atoms of boron. Despite the possibility
of employing thick boron catchers, which in principal slow down the protons
as they propagate through the bulk of boron in order to increase amount of
particles with favoured energy to initiate p + 11B reaction, significant num-
ber of the protons is crossing the target without producing alpha particles
even when few milimeters catchers are used [43]. Additionally, due to short
range of alpha particles in materials (assuming energy of 10 MeV, which is
the maximum energy of experimentally observed alpha particles produced
in proton-boron reaction [44], the α range inside 11B is roughly 50 µm), re-
markable amount of fusion products are not leaving the catcher’s bulk.

All of the above lead to conclusion that using thin, tens of mi-
crometer thick catchers and increasing the number of protons in the
energy range 0.675 − 5 MeV is the most efficient approach to proton-
boron fusion using lasers. Basing on recent experimental results ob-
tained with Cavity Pressure Acceleration method (described in detail in
Section 3.2.1), the statement of this thesis can be formulated as follows:
The intense proton beam generated through thermonuclear reaction of D + D
via Cavity Pressure Acceleration method allows to more efficient generation
of alpha particles by means of p + 11B → 3α fusion reaction comparing to
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standard approach to laser ion acceleration methods using TW-class laser
system.

In order to confirm and verify this thesis, proton beams obtained both
in TNSA and CPA approach were characterized using Thomson Parabola
Spectrometer during experimental campaigns using TW-class laser systems.
Afterwards, a set of Monte Carlo simulations were performed, where interac-
tion of both proton beams with different boron targets were benchmarked in
terms of alpha production in p+ 11B → 3α reaction using code FLUKA [45] in
search of the optimal thickness for maximizing the alpha particle emission,
where both pure boron-11 and natural boron were chosen as the material.
The output of the simulations were compared for TNSA- and CPA-produced
proton beam, based on which final conclusions were formulated.
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2 Characterization of
CPA-accelerated ion beams and
their interaction with boron target

2.1 Radiative-hydrodynamic simulations of laser-

matter interaction employing cavity geometry

In the approach depicted in this thesis, generation of high energy ion beams
by means of Cavity Pressure Acceleration mechanism is realised via one of
the deuterium-deuterium fusion channels in which 3 MeV proton is pro-
duced. This reaction can be either driven by collisions of deuterium ions
realised in so-called "beam-target" scenario, where accelerated ions collide
with cold, solid-state, deuterium-rich target foil, or in volume of the plasma
where thermonuclear reactions occurs. The latter solely relies on maintain-
ing thermodynamical parameters of the plasma (such as density, pressure
and temperature) on sufficient level during the time of confinement of the
plasma.

While applying Cavity Pressure Acceleration mechanism in DD fusion,
depending on the chosen geometry and variant of the cavity (either the
ablator-flyer configuration as in the [28, 33] or powder-based configuration
described later in 3.2.1) both of these scenarios are contributing to the produc-
tion of protons and neutrons with different weight. In case of early designs
of the cavity targets, due to the plasma-turned ablator colliding with flyers,
beam-target effects are dominant. If the simplified design is used, in which
ablator is replaced with a layer of deuterated plastic-based powder, the char-
acter of the fusion is mainly thermonuclear and the beam-target contribution
is negligible.

In both cases the proper choice of cavity geometry is required, depend-
ing on the laser pulse parameters that are going to be applied in particular
laser-matter interaction, for optimization of the parameters responsible for
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maximizing the nuclear reaction rate. Due to numerous effects that are cru-
cial for the efficiency of the CPA mechanism, such as physics related to plas-
tics and stress of materials, electromagnetic phenomena, particle production,
equation of state (EOS), propagation of shock wave fronts, thermal conduc-
tivity, ionization and recombination of a medium, radiation losses, inverse
bremsstrahlung, magneto-hydrodynamics and multilayer structure of irradi-
ated targets, numerical modelling of plasma state inside the cavity is very im-
portant aspect of preparatory stage of the experiment. To picture the impor-
tance of proper choice of the cavity geometry, and at the same time to demon-
strate how the laser-matter interaction and created plasma state changes by
applying cavity geometry, results of numerical simulations of high-power,
nanosecond laser pulse interaction with two cavity targets will be discussed
below based on the results of the FLASH code [46] simulations.

FIGURE 2.1: Temporal profile of laser pulse used for sim-
ulations of laser-matter interaction with cavity targets using

nanosecond, kJ-class laser system

Laser pulse of τ = 1 ns duration (with 100 ps build-up time as shown on
Figure 2.1), EL = 300 J of energy, focal spot diameter equal to d = 100 µm
and wavelength λ = 532 nm was used to irradiate two cavity-type targets of
different geometries. The reason of choosing the nanosecond pulse duration
at given energy is to mimic the L4n laser system located in Dolní Břežany
(Czech Republic) which belongs to the ELI Beamlines facility. In both cases
the cavity was made of copper (assumed initial density ρCu = 10 g

cm3 ) and
layer of polyethylene powder (to mimic structure of powder, the initial av-
erage density was assumed to be ρPE = 1 g

cm3 ) deposited inside the cavity -
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however the thickness of the polyethylene layer and the diameter of the cav-
ity was varying (Fig. 2.2). The laser was focused centrally on the surface of
the polyethylene volume (propagating from z = 0 to higher values).

Cavity geometry Length [µm] Diameter [µm] Polyethylene thickness [µm]
A 300 700 300
B 300 200 300

TABLE 2.1: Dimensions of cavity "A" and "B" discussed in this
paragraph

The simulation time was equal to 3 ns, during which values of three ther-
modynamic quantities were tracked: density ρ in units of g

cm3 , electron tem-
perature Te in Kelvins (later converted to keV) and pressure P in units of
Barye (centimeter-gram-second unit system, later in the text converted to bar
for easier interpretation when time-dependent plots will be displayed). Al-
though only half of the cavity is displayed on all the presented below graphs,
due to cyllindrical symmetry the values are representing correct values for
the whole cavity.

FIGURE 2.2: Initial 2D density distribution of cavity "A" (left)
and cavity "B" (right)
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In case of cavity "A", the polyethylene layer of 300 µm thickness filled
entire volume of the cavity channel. During the duration of the pulse, one
can observe the front of the shockwave propagating inside the volume of
the fuel, followed by creation of plasma and increase of the pressure and
the temperature of the ionized material (Figure 2.3). After the interaction is
finished, all of the parameters values start to decrease as the plasma expands
(Figures 2.4, 2.5, 2.6). The notable feature of this case, visible on distribution
of every tracked parameter, is diffraction of expanding plasma on the joint
surface between polyethylene layer and copper housing wall. However, the
evolution of the plasma parameters does not exhibit a notable influence of
the cavity geometry (of given dimensions) from what one could expect from
interaction of the laser pulse with the flat target. It becomes clear that in
the described case the physics related to Cavity Pressure Mechanism are not
present due to overfilling the cavity with the polyethylene, which prevented
the build up of pressure and collisions of plasma corona with cavity walls
that otherwise would lead to formation of shockwaves propagating through
plasma plume.

FIGURE 2.3: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity "A" at 100 ps of simulation

time
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FIGURE 2.4: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity "A" at 1 ns of simulation

time

FIGURE 2.5: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity "A" at 2 ns of simulation

time
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FIGURE 2.6: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity "A" at 3 ns of simulation

time

In case of the cavity "B" geometry, the plasma behaviour exhibits several
phases of its evolution. In the very early stage of the interaction, due to the
narrow cavity channel equal to 200 µm, the expanding polyethylene plasma
is colliding with the walls of the cavity, driving additional shockwaves which
are reflecting back into the plastic plasma volume (Fig. 2.7). This marks the
beginning of the heating phase, in which Te rapidly increases and is main-
tained on maximum level for the duration of the pulse. At the same time, the
density reaches critical value and prevents further penetration of laser pulse
inside the cavity, which can be seen by difference of depths at which the laser
energy is deposited (bottom right part of Figure 2.7, 2.8(a) and 2.8(b)).

After 1 nanosecond, the plasma is released and the temperature starts
to decrease. In this phase of plasma evolution, the notable increase in both
pressure and density is observed, ultimately leading to formation of dense,
compact plasma jet which propagates outside. Basing on these findings,it is
evident that the fronts of shockwaves which are partially reflected from the
high-Z material of cavity walls are of great importance for designing optimal
cavity target for particular laser system - the lateral distances between inter-
action point and cavity walls are determining the timing of increase of the
electron temperature, which is one of the most important physial quantities
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FIGURE 2.7: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity "B" at 100 ps of simulation

time

in terms of driving nuclear reactions. In the most optimal scenario, the tem-
perature spike should occur when the density of the plasma is the highest in
order to maximize the number of expected nuclear reactions when deuter-
ated polyethylene is used.

To better understand the dynamics of plasma evolution in these two
cases, maximum values of density, electron temperature and pressure ob-
tained along the z axis were plotted versus time of the simulation, where the
first dashed line marks the end of laser-matter interaction (t1) and the sec-
ond represents the peak of maximum pressure (equal to Pmax = 0.115 GBar
obtained for cavity "B" (t2), at which the density remains at the maximum of
ρmax = 14 g

cm3 (Figure 2.9). The time delay between the end of the laser pulse
and the peak of both pressure and density is equal to ∆t = t1 − t2 = 1.2 ns.

The values presented in Figure 2.9 show at least two-fold increase in all
of the tracked parameters when cavity of smaller diameter and thinner layer
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(a) (b)

(c) (d)

FIGURE 2.8: 2D distributions of ρ (upper left), Te (upper right),
P (bottom left) and deposited laser energy (bottom right) for
cavity "B" at: (a) 300 ps, (b) 1 ns, (c) 2 ns and (d) 3 ns of simula-

tion time
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FIGURE 2.9: Time evolution of maximum values of thermody-
namic parameters during simulation time for cavity geometries

A and B

of the polyethylene is used. The conclusion based on this comparison is that
precise designing the cavity geometry for particular laser system is required
to maintain optimal enviroment for driving nuclear reactions following Cav-
ity Pressure Acceleration scheme.
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2.2 Thomson Parabola Spectrometer (TPS)

Although recently PW-class laser systems are bringing attention of major-
ity of the people working in laser-plasma field of physics, current advent of
proton-boron-related research encourages scientists to revisit possibilities of
generating ion beams using laser systems which for a long time were not
considered as tools capable of being used in efforts of bringing clean, fusion
energy to life. One of the properties of aforementioned p + 11B reaction is
relatively low center-of-mass energy of the protons at main peak of the re-
action cross-section (675 keV) compared to other widely considered fusion
schemes, at the same time being based only on stable isotopes (Fig. 1.12).

Present day laser systems designed for laser-plasma research are in most
cases capable of providing protons of such energy via different laser ion ac-
celeration scenarios, one of which is the most explored so far Target Normal
Sheath Acceleration (TNSA) approach, where ponderomotive forces which
arise during laser pulse interaction with solid, thin foil targets, accelerate
electrons which form sheath behind the target. As they propagate, due to
charge separation, light contaminant ions located on the rear of the foil are
being accelerated as well. This phenomena is commonly observed using ter-
awatt, femtosecond long laser pulses.

Such laser system is located at in High Power Laser Laboratory, laser-
oriented division of Institute of Plasma Physics and Laser Microfusion,
Poland. “Pulsar 10TW” is able to provide approximately 0.4J energy (after
compression), 40fs pulse duration, resulting with 10 TW of effective power.
It was designed to perform laser ion acceleration-related experiments and
has been used in multiple laser-plasma studies over the last decade [47, 48,
49, 50]. Recently, as an addition to arsenal of diagnostics used during the ex-
periments, our team designed and developed Thomson Parabola Spectrom-
eter (TPS), a diagnostic tool widely used in the laser-plasma research, which
allowed observation of phenomena crucial for this work.
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2.2.1 Principal of TPS operation

Thomson parabola spectrometer is a diagnostic device which uses magnetic
and electric field to deflect charged particles from their initial path by means
of Lorentz force (Eq. (2.1), (2.2), (2.3), where DB is deflection by means of
magnetic field, DE is deflection by means of electric field, LB and LE are
lengths along z-axis over which respective fields are applied and dE and dB

are distances between the end of the electric and magnetic fields and the de-
tector, respectively). Due to multispecies character of laser-accelerated ion
beams and wide range of velocities of these particles, applying such fields in
principal results with multiple parabola-like tracks registered on the detector
of choice. Each of these parabolas represent ions with given charge-to-mass
ratio q

m , where q
m = 1 corresponds to hydrogen ions (protons).

F⃗ = qE⃗El + q(⃗v × B⃗) (2.1)

DB =
qBLB

mvz
(

1
2

LB + dB) (2.2)

DE =
qELE

mvz2 (
1
2

LE + dE) (2.3)

In classic design of TPS, the electrodes responsible for generation of electric
field are parallel to each other, granting constant electric field along their
length.

FIGURE 2.10: Raw image of deflected parabolas registered with
multi-channel plate and a camera at High Power Laser Labora-

tory (IPPLM, Warsaw)
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However, considering recent increase of available laser intensities and
multiple experiments demonstrating capability of acceleration protons up
to hundred of mega-electronvolts [51], this approach would require ten of
kilovolts of voltage to maintain reasonable level of dispersion and thus sep-
aration of accelerated particles. As a consequence, majority of modern TPS
employ wedge configuration of electrodes, following the design proposed by
scientists from CLF, UK [52].

FIGURE 2.11: Schematic of Thomson Parabola Spectrometer de-
signed at IPPLM (up) together with magnetic field profile mea-

sured along magnetic poles (down)

This configuration allows to maintain the same level of deflection while
applying lower voltage than in traditional approach. However, due to vary-
ing electric field along the electrodes, equations (2.2) and (2.3) are no longer
applicable. Instead, the software designed by an author of this thesis to an-
alyze the TPS results relies on a particle tracking algorithm, where a set of
points (x,y,E) is obtained by solving equations iterating over user defined
range of energies: 

qU
d(z) = mi ẍ

qvzB = miÿ
(2.4)

where q and mi are respectively the charge of considered ion specie and
its mass, U is the applied voltage, d(z) a distance between plates at given z
position, vz =

√
2E
mi

is the velocity of ion along z-axis. The algorithm takes

d(z) = A · z + B, where A = d2−d1
Ze2−Ze1

, B = d1 − A · Ze1, where d2 and d1 are
the distances between plates at the beginning and the end of the electrodes,
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Ze1 and Ze2 beginning and the end of electrodes in respect to the entrance
pinhole. Such model assumes linear decrease of electric field along the elec-
trodes and that there is no electric field outside of the plates. The technical
aspects of this particular TPS device were presented in a greater detail in a
recently published paper [53].

FIGURE 2.12: Left: Fit of theoretical parabolas to high-energy
part of parabolas of different ions registered using Image Plate
during one of experiments performed at Prague Asterix Laser

System (CZ). Right: Corresponding area of original image

FIGURE 2.13: Energy spectrum of parabolas from Fig. 2.12 (left)
in units of quantum-level.
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The computed parabolic shape is then fitted to experimental data by us-
ing an iterative method applied by the user, changing the range of energies
that define the start and end point of the track in the way that it is perfectly
aligned with image registered during the experiment (example of such fitting
is displayed on Fig. 2.12). Afterwards, the intensities of the pixels overlap-
ping with the parabola points are extracted from the image and coupled with
given E (Fig 2.13), resulting (after applying calibration curves for given de-
tector of choice) in Ni(E).

2.2.2 Data analysis software

It is worth noting that the described software is not bound to specific TPS unit
– introduced parametrization of geometry allows to reconstruct any spec-
trometer chamber (Figure 2.15), therefore it can be coupled with different
TPS designs and used by other groups according to their needs when official
released.

FIGURE 2.14: Snapshot of TPS results analysis process using
TPSeer software.

Although still in development, recently a Graphical User Interface was
implemented in order to both improve and facilitate the efficiency of anal-
ysis process without the need of programming knowledge. "TPSeer" was
written in C/C++ using the ROOT framework [54], which is associated with
CERN facility and used for various applications related to high energy-
density physics and nuclear physics, while the GUI is provided by Qt pack-
age (Fig 2.14).
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FIGURE 2.15: Snapshot of "TPSeer" geometry definition of spec-
trometer.

FIGURE 2.16: Positioning of origin of calculated fitting parabo-
las.

The supported file type for input image are any of the most common file
types, such as .JPEG, .BMP, .PNG, .TIF. After choosing designated source file
and obtaining the initial image, user has to provide parameters required to
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FIGURE 2.17: Snapshot of "TPSeer" module responsible for
defining the theoretical parabola.

created chamber geometry (Fig 2.15) and so-called zero point, which corre-
sponds to center of pinhole where particles of neutral charge and electromag-
netic radiation is visible (Fig. 2.16).

In case of high repetition rate experiments, common choice of the detec-
tor is multichannel plate coupled with phosphor screen coupled with fast
camera, therefore the position of zero point does not change during the spec-
trometer operation. However, when Image Plates are used, the position of
mentioned reference point is constantly changing due to frequent replacing
of the detector. Therefore, the software utilizes point-and-click mechanism
for initialization of zero point and afterwards allows to drag-and-drop the
marker to different position when needed. Moreover, repetitive procedure of
replacing the detector between the shots often leads to angular displacement
of the Image Plate inside the chamber. To address this issue, the software is
equipped with possibility to easily rotate the coordinate system by providing
user defined value of mentioned rotation angle.

The next step in analysis process is defining specific theoretical parabolic
trace, which then has to be fitted to experimental data. A collection of most
commonly sought after ion kinds is predefined and available to pick from
drop-down list, however the user can request to draw particular ion trace of
given mass number A and charge q (Fig. 2.17). The last two parameters that
have to be provided are Emax and Emin, which are defining the beginning and
the end of a trace to be drawn. Multiple parabolas of different ion parameters
can be fitted simultaneously which allows to complex analysis of the exper-
imental results such as identification of accelerated ion kinds (Fig. 2.18) and
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retreiving their energy spectra (Fig. 2.13) by applying equations and meth-
ods described in Section 2.2.1. By default, two parameters are explicitly given
during creation of the energy spectrum graph - the maximum, cut-off energy
Emax and the average energy Eavg. The latter represents the mean energy ex-
tracted from the drawn parabola. If the entire range of protons are captured
on the detector, this value corresponds to average ion energy, however if the
low energy part of proton beam is deflected outside of the detection plane,
this value will correspond only to the captured part.

Additional feature of TPSeer software is ability to set so called intensity
threshold, allowing user to tune visible range of pixel intensities. This func-
tionality is especially useful during analysis of data where high background
noise and high number of parabolas is expected. By adjusting this parame-
ter, pixels of intensity lower than specified are not shown, which allows to
overlap computed traces with experimental data more precisely.

FIGURE 2.18: Result of fitting theoretical ion lines to experi-
mental results.

Graphs and images created while working with the software can be saved
as both image files and .ROOT files, allowing the user to access previously
saved data such as energy spectrum and load the data with a single button,
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FIGURE 2.19: Snapshot of "TPSeer" graphic edition module
window.

simplifying the process of data comparison between different experiments.
Another functionality of the software is built-in graphical editor available for
any drawn objects which allows to customize produced graphs (label sizes,
axis ranges, line colors, etc.), which basic window is presented on Figure 2.19.

Although TPSeer was originally written in order to proccess the experi-
mental data that is the subject of this thesis, it was successfully used to ana-
lyze the TPS data from multiple different experiments [55, 56].

The development process of this software is still not finished. Imple-
mentation of calibration curves for ion species different than protons is cur-
rently under development, as well as further visual optimization of the inter-
face, RAM/CPU management and portability of software (until then recom-
mended operating system to run the TPSeer is Linux).
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2.3 Monte Carlo FLUKA simulations

The Monte Carlo (MC) approach is a numerical integration model very of-
ten used in solving complex, statistical physics problems. The main idea of
MC method is to randomly sample the events according to given theoretical
probability distribution. Due to the nature of nuclear reactions and parti-
cle transport, whose in principal are dependent on cross sections (interaction
probabilities per unit distance) of particular events, MC method is widely
used when estimation of particle-matter (or radiation-matter) results is of in-
terest. In this work, the code of choice to examine the output of given proton
beam interaction with boron catchers was the FLUKA code [45, 57].

FLUKA is fully integrated particle physics Monte Carlo simulation pack-
age widely used by researchers in different fields, starting from radiation
shielding to dosimetry, target and detector design, radiotherapy, acceleration
and particle physics etc. Since the development of this code, FLUKA has been
constantly updated with modern physical models and up to date experimen-
tal databases such as ENDF/B, JEFF, JENDL. Physical models implemented
in FLUKA cover broad range of potential phenomena, such as hadron in-
elastic nuclear interactions, elastic scattering, nucleus-nucleus interactions,
transport of charged hadrons and muons, energy loss calculations, as well as
electrons, photons and neutrinos physics for energies up to thousands of TeV.
Important feature of this tool is handling complex geometries by employing
improved version of Combinatorial Geometry package, which is able to track
charged particles (with or without presence of magnetic field). Lastly, major-
ity of the proton-boron work published in journals utilize FLUKA to verify
experimental data, therefore performing calculations using this code is nat-
ural choice when comparing the obtained results with outcome of different
groups.

It is worth noting that currently two, concurrent versions of FLUKA are
available – one distributed by CERN (Switzerland) and one distributed by
INFN (Italy). Historically, both institutions were jointly developing one code,
however in 2019 the collaboration was terminated and lead to separate ver-
sions of FLUKA. In this work, the INFN distribution of the code is used. One
of the reasons is that this version is (and was) used by leading groups work-
ing in proton-boron field of research – until just few months before comple-
tion of this dissertation, the CERN branch was not covering the energy range
of cross section in which probability of p + 11B reaction to happen was the
highest (675 keV CoM). Therefore the MC calculations presented in this work
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are ensured to follow the same physical models as the results which they will
be compared to.

2.3.1 Interaction of proton beam with boron catcher:

geometry design and scoring estimators in FLAIR

The geometry of FLUKA simulations was prepared with the help of FLAIR
add-on [58], which is usually bundled with FLUKA distributions. This ad-
vanced editor of FLUKA input files allows not only to design the geometry
of experiment easily due to drag-and-drop mechanism, but also to manage
the virtual detectors, edit input files and prepare plots of scored quantities.
The example of FLUKA input created in FLAIR and geometry tab is shown
on Figure 2.20 and Figure 2.21 .

FIGURE 2.20: Snapshot of FLAIR software main window.

The cylindrical boron catcher of R = 10cm and thickness (height) varying
from d = 5 µm − 180 µm, was placed in the center of void sphere, cocentric
with a sphere filled with so-called "black-body" which serve a purpose of
beam-dump for any particles exiting the geometry borders. The catcher was
placed 5cm away from the proton source of angular divergence set to 20◦

(Figure 2.22).
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FIGURE 2.21: Snapshot of geometry designer module - proton
beam (purple cone) irradiating boron disk target (top) and over-
layed USRBIN scoring over one of the geometry ports (bottom).

FIGURE 2.22: Enlarged simulation geometry design with over-
layed alpha particle fluence on the targets front surface.
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The proton spectra that were used in the simulations were extracted from
experimental data obtained with Thomson Parabola Spectrometer, described
in 2.2.1. The spectrum consisted of 1000 samples, with yield relative to max-
imum of the measured intensity. The quantities scored with FLUKA simu-
lations are by defult given in units "per primary" (in this case, per proton),
allowing to adjust the result to actual number of particles to total number of
protons measured experimentally. This allowed to compare spectra obtained
during different experiments, which utilized different detectors coupled with
TPS. Example of proton energy spectra (intensity in arbitrary units) used in
simulations is displayed on Figure 2.23.

FIGURE 2.23: Experimental energy spectra of proton beams
sampled by FLUKA.

Since the main goal of simulations was to estimate total yield of alpha
particles exiting the boron catcher, instead of placing virtual detector in spe-
cific postion (which is often the case when performing MC simulations to
recreate particular experimental conditions), in presented data alpha parti-
cles and neutrons energy spectra were scored during crossing the target sur-
face and entering void sphere. This approach eliminated fraction of alpha
particles that were produced but did not leave the volume of the target due
to stopping processes. The most suitable built-in scoring technique available
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for such design was USRBDX boundary-crossing estimator, capable of pro-
viding information on either fluence or current, with results given as double
differential distributions in energy and solid angle.

Another scoring estimator that was employed in presented results was
USRBIN, which brings information about fluence across regular spatial struc-
ture (mesh). This tool was used when angular density distribution of pro-
duced particles was of interest (Fig 2.24, 3.7, 3.31), allowing to observe the
ratio of alpha particles emitted from the boron catcher in forward and back-
ward direction.

FIGURE 2.24: 2D distribution of alpha particles fluence in
FLUKA simulation box.

The fluence calculated by FLUKA scorings is expressed in units of track
length density of particle trajectories in given bin volume. Considering the
volume generated by the surface S of infinitesimal thickness dt and the parti-
cle which is incident to the surface with an angle Θ and traveling a segment

dt
cosΘ inside the given volume, one can define the average fluence F over the
surface S as:

Φ = lim
dt→0

∑i
dt

cosΘi

Sdt
(2.5)

Since the path length is by default expressed in centimeters and the volume
of the bin in cubic centimeters, therefore the basic unit of fluence scored by
FLUKA is expressed as 1

cm2 per primary (in this case, per incident proton).
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This parameter is used in this work when spatial 2D distribution of alpha
particles, obtained with USRBIN estimator, is presented .

Energy spectra of particles shown in this work, obtained with USRBDX
estimator, are obtained by scoring average current J, which is given by the
number of particles N crossing the surface of detection area S:

J =
N
S

(2.6)

By default, contrary to fluence, current is dependent on the orientation of
the surface along which it is scored. When flat surface is considered in an
isotropic particle field (which is the case in this work), the relation J = Θ

2 is
applicable.

At the time of writing this dissertation, FLUKA code does not cover the
interaction of particles with plasma, therefore the secondary target is consid-
ered to be "cold", in solid state.
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In order to assess the capabilities of Cavity Pressure Acceleration mechanism
in driving proton-boron reaction using TW-class lasers, the comparison be-
tween features of proton beams in both standard TNSA approach (Section
3.1.1) and deuterium-deuterium based CPA approach (Section 3.2.1) will be
done.

The results related to the TNSA approach were obtained using Pulsar 10
TW laser system which is available at High Power Laser Laboratory in Insti-
tute of Plasma Physics and Laser Microfusion (Warsaw, Poland). This par-
ticular laser system generates femtosecond-long laser pulses following the
Chirp Pulse Amplification technique. This type of laser system is commonly
used in laser ion acceleration experiments since the intensity of generated
pulses allow to perform TNSA-based acceleration with moderate repetition
rate, which in this case is equal to maximum 10 Hz.

The data related to CPA mechanism were obtained during external exper-
iment performed at Prague Asterix Laser System located in Prague, Czech
Republic which is able to generate laser pulses of power approaching 2 TW.

For each case, obtained proton beam serves as an input to a set of Monte
Carlo simulations in which the applied proton beam interacts with secondary
target made of either pure boron-11 or natural boron (Sections 3.1.2 and
3.2.3). Based on the output of the simulations, the capabilities of both ap-
proaches in terms of alpha particles production during p + 11B reaction will
be addressed.

In both cases, the proton beam characterization is solely based on the re-
sults obtained with Thomson Parabola Spectrometer designed and operated
by IPPLM team (Section 2.2.1).
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3.1 Experimental and MC simulations results:

High Power Laser Laboratory (HPLL) (Warsaw,

Poland)

3.1.1 Experimental results

FIGURE 3.1: Schematic drawing of HPLL experimental cham-
ber with standard positions of diagnostic devices.

The experimental chamber routinely used in High Power Laser Labora-
tory of Institute of Plasma Physics and Laser Microfusion is displayed on
Figure 3.1. Depending on the choice of laser parameters, such as the size of
focal spot, pulse duration and the pulse energy on target, as well as prop-
erties of the target (thickness, chemical composition etc.) it is possible to
achieve up to 4 MeV maximum energy of accelerated protons using our laser
system when irradiating thin, foil targets. By default, the accessible laser in-
tensity using our laser system is on the level of IL ≈ 1018 − 1019 W

cm2 , allowing
to perform TNSA ion acceleration. The energy on target, after compression
and transmission from compressor chamber to experimental chamber is on
the level of EL = 300 mJ, the pulse duration τ = 45 f s, with focal spot diam-
eter d = 30 µm.
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FIGURE 3.2: Parabola of protons captured by Multi-Channel
Plate coupled with Thomson Parabola Spectrometer. The im-
age is processed by "TPSeer" software and theoretical proton

parabola is fitted (black line).

During recent high repetition rate experiments, one of the goals was to
obtain as stable (in terms of maximum and average energy) proton beam as
possible – therefore multiple combinations of parameters of the laser-matter
interaction were examined. Focusing the laser pulse on Al or CH foils of
different thickness (the tests covered 1.5 µm − 8 µm range) and adjusting fo-
cal spot position in respect to the target front surface (along the propagation
axis) revealed that the optimal setup for 1 Hz repetition rate of laser-matter
interaction (in terms of proton beam stability) was Al target of thickness
d = 6 µm, focal position +150 µm inside the target at pulse energy EL =

260 mJ.
In result, an example of the typical reproducible characteristics of the pro-

ton beam obtained with TPS are displayed on Figure 3.2, 3.3.
At the cost of lowering maximum proton energies (which are acces-

sible at lower target thickness and higher energy of the laser pulse) to
Ep+max = 2.4 MeV we were able to maintain the shape of energy spectrum
with visible peak around 500keV in multiple consecutive shots (Fig. 3.3, aver-
aged over 6 shots). In these TPS measurements we used multi-channel plate
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FIGURE 3.3: Energy spectrum of protons captured on Fig. 3.2.

coupled with phosphor screen to register ion traces. This detection system is
yet to be calibrated, therefore the number of particles at particular energy is
given in arbitrary units.

Measured energy spectrum of accelerated protons exhibits properties
suitable for performing studies on p + 11B → 3α reaction. To confirm possi-
bility of exploring this phenomena in our laboratory and provide more infor-
mation about optimal setup of potential proton-boron experiments, a series
of Monte Carlo simulations were performed. The tool which was used to
examine the outcome of such interaction in this case was FLUKA package
distributed by INFN (Italy), which was described in Section 2.3 .
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3.1.2 FLUKA simulations for HPLL case of proton beam

energy spectrum

Following the simulation setup described in 2.3.1, the possibility of produc-
ing alpha particles using proton beams accessible in High Power Laser Lab-
oratory at IPPLM was examined. Two target compositions were tested - pure
11B and natural boron (80% of 11B and 20% of 10B). The energy spectra of
produced alpha particles were obtained through scoring particles crossing
the bonduary between the region of target and void with USRBDX estimator
and are presented on Fig. 3.4 and Fig. 3.5.

FIGURE 3.4: Alpha particle energy spectrum for different thick-
ness of pure boron-11 catcher - calculated in FLUKA using en-

ergy spectrum obtained in HPLL.

As the target thickness increase and therefore the amount of released al-
pha particles is decreased, two distinct peaks are becoming more visible -
sharp peak at 5.5 MeV and broad peak centered around 3.5 - 4 MeV. These
structures are representing primary alpha particles generated in one of two
possible reaction channels of 12C∗ → αprimary +

8Be(∗) break-up process de-
scribed by Laursen et al. [59]. If 8Be is in ground state, the energy of primary
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alpha particle (α0) is equal to ∼ 6 MeV, whereas the first excited state of 8Be
(α1) results with broad peak in the energy spectrum around 4 MeV.

FIGURE 3.5: Alpha particle energy spectrum for different thick-
ness of natural boron catcher - calculated in FLUKA using en-

ergy spectrum obtained in HPLL.

Set of simulations was performed to identify the most optimal target
thickness for pitcher-catcher scheme of proton-boron experiment (Fig. 3.6).
Using targets thicker than 5 µm one can observe rapid decrease of produced
4
2He yield, and for thickness exceeding 60 µm number of alpha particles re-
mains constant. This occurs due to alpha particles being stopped inside the
target and not being able to penetrate remaining volume of the secondary
boron target, preventing them from leaving the rear side of the catcher
(Fig. 3.7). This brings valuable information about the number of alpha parti-
cles being produced on surface of the interaction side of the catcher, equal to
1.51 × 10−5 α

p+ for boron-11 and 1.17 × 10−5 α
p+ for natural boron targets. The

difference in the amount of produced alpha particles for these two types of
targets is equal to 20%, which reflect the difference of boron-11 content in the
target volume between two considered materials. The inflection point visi-
ble near the 30 µm thick targets (Fig 3.6) might correspond to a meaningful
fraction of protons achieving energy equal to the favoured value for reaching
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FIGURE 3.6: Total alpha particle yield as a function of catcher
thickness.

secondary resonance of the cross-section (∼150 keV CoM) at the rear side of
the catcher, which was recently explored in the work of Istokskaia et al. [60].

Another important result of FLUKA simulations is no clear evidence of
neutrons produced during interaction of such proton beam with the boron
catcher (Fig. 3.8, 3.9). The importance of this observation is that despite the
fact that proton – boron fusion is often referred to as aneutronic, in majority
of experiments generation of neutrons is reported [43, 61]. This is due to the
secondary reactions taking place inside the boron target such as 11B(p, n)11C
or 11B(p, n)14N (which leads to another reaction: 14N(α, n)17F [61]. How-
ever, the accessible energies of protons in this particular case are below the
energies required to induce these reactions, therefore the proton-boron fusion
in this very case seems to be in fact neutron-less, brilliant source of alpha par-
ticles that could be used in medical or material science related applications.
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FIGURE 3.7: 2D alpha particle distribution for 80 µm boron-11
catcher. Alpha particles are mainly emitted in backward direc-

tion.

FIGURE 3.8: Neutron energy spectrum for different thickness
of pure boron-11 catcher - calculated in FLUKA using energy

spectrum obtained in HPLL.
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FIGURE 3.9: Neutron energy spectrum for different thickness
of natural boron catcher - calculated in FLUKA using energy

spectrum obtained in HPLL.
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3.2 Experimental and MC simulations results:

Cavity Pressure Acceleration campaign at

PALS (Prague, Czech Republic)

In search of improving the efficiency of this fusion approach, numerous ex-
perimental groups are investigating so-called “in-target” scenario, where
generation of protons and alpha particles is taking place in the volume of
single target. This scenario requires sophisticated and tailored multi-element
targets, often multi-layered and precisely designed with techniques which
incorporate ion implantation and chemical vapour deposition, which are not
internally accessible to our group at the moment and require external collab-
orations to be performed [44, 62]. Another approach focuses on tuning accel-
eration process itself, enhancing the primary proton beam with precisely de-
signing the initial laser-matter interaction in the pitcher-catcher scenario, or
even reversing the pattern and accelerating boron ions to irradiate hydrogen-
rich secondary target [63].

During our recent experiments related to macroparticle acceleration,
which has been proposed as an alternative approach to fast ignition scheme
of inertial confinement fusion (and simultaneously investigated since 2000s
by two groups of our division), our group obtained promising results
which have shown possibility of producing, characterizing and utilizing in-
tense beams of multi-MeV protons originated in thermonuclear deuterium-
deuterium reaction by means of Cavity Pressure Acceleration (CPA) scheme.
The crucial parameters of this particle beam are superior to previously shown
results (in terms of intensity, shape of the energetic spectrum and both aver-
age and maximum energy) obtained by means of TNSA approach to laser
acceleration using 10TW laser system available in IPPLM, therefore applying
them in proton-boron reaction is heavily considered and will be discussed
below.
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3.2.1 Experimental results

In November 2022 the latest experiment regarding CPA was performed at
PALS laboratory in Czech Republic [64]. The goal of the experiment was not
only to verify and replicate previous results, further enhancing production of
neutrons by means of D + D reaction, but also investigate different designs
of CPA targets, displayed in Figure 3.10.

FIGURE 3.10: Three variants of cavity targets - cavity target
with the channel (a), cavity target without the channel (b) and

cavity filled with CD2 powder (c).

The first design, presented on Fig. 3.10(a), was the copy of the targets
used in previous experimental campaign serving a role of a reference to ver-
ify identical laser characteristics as in previous session. In second type of
targets, Fig. 3.10(b), the channel was removed. Lastly, the target with cavity
filled partially with CD2 powder was used 3.10(c). This particular type of
targets was proposed to verify whether the neutron production occurs fol-
lowing the beam-target mechanism [65, 66] or rather due to thermonuclear
reaction criteria being met during compression of the deuterium plasma in-
side the cavity, which was suggested by hydrodynamic simulations.

The laser pulse parameters used in this experimental session were as fol-
lows: laser pulse energy in the range 500 − 700 J, pulse duration τ = 300 ps
and laser wavelength λL = 1315 nm (1ω). The key diagnostics used dur-
ing experiment were: BD-PND type neutron dosimeters (bubble detectors),
scintillator-based neutron time-of-flight probes, ion collectors, TPS and 3-
frame interferometric system. The simple schematic of experimental cham-
ber is shown on Fig. 3.11.

One of the most prominent results obtained during recent two, consec-
utive CPA experiments was identification of double-parabolic formation of
protons by means of Thomson spectrometer, visible in number of shots
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FIGURE 3.11: Schematic of experimental chamber and posi-
tions of important plasma diagnostics during described experi-

mental campaign.

(Fig. 3.12). Questionable at first, after investigating results provided by neu-
tron detectors during recent experimental session, it was confirmed that this
pattern appeared in shots with extremely high number of registered neu-
trons. The explanation of this finding lies in the two channels of deuterium-
deuterium reaction:

D + D → T + p (3.02MeV) (50%)

D + D → 3
2He + n (2.45MeV) (50%)

(3.1)

Having the same probability of producing either tritium and proton or
3
2He and neutron, one should expect presence of DD-produced protons in
vicinity of thermonuclear deuterium fusion.

In this case, Thomson spectrometer behaved as camera obscura and spa-
tially separated ions that passed through the pinhole but had different origin
geometry, resulting in registering two distinguishable, yet partially overlap-
ping proton traces [53].
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FIGURE 3.12: Ion traces captured by Thomson Parabola Spec-
trometer together with fitted theoretical curves (left), zoomed

in region representing two displaced proton traces (right).

FIGURE 3.13: Identified ion traces captured using Image Plate.
Visible drop in intensity of trace is an evidence of overlapping
two parabolas of different origin (proton traces on left) or dif-

ferent ions of same q
m (carbon/deuterium ion trace on right).
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FIGURE 3.14: Zoomed in region corresponding to high energy
ions with clear evidence of double-parabola formations.

The similar effect was visible in numerous shots for trace representing
ions with charge-to-mass ratio q

m = 1
2 . The most common ions represented

by this trace are fully ionized ions of carbon, C6+. In most cases the source
of these are contaminations covering the surface of the targets. However,
during these experiments ions of deuterium (which share same charge-to-
mass ratio as C6+) were also accelerated, resulting in sharp drop of intensity
of parabolic trace due to overlapping of these two ion kinds on the same
parabola (Figure 3.13, 3.14).

The two registered proton bunches not only have different origin, which
implicates that these were produced in different processes, but also exhibit
different shape of energy spectrum and energy range (Fig. 3.15). The maxi-
mal energy by far exceeds value expected from protons created during DD
reaction Ep+DD

= 3.02 MeV. Presented TPS results were recurring for all types
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of targets presented on Fig. 3.10, which leads to conclusion that the critical
condition for described effect is related with confining the plasma inside the
cavity and is not dependant on flyer-ablator geometry. This suggest that sim-
plifying the geometry, i.e applying variant c of Fig. 3.10, might be beneficial
when higher repetition of laser pulses is expected in experiment due to easier
repositioning of the target. Moreover, the expected peak in energy spectrum
near 3 MeV is not visible in majority of collected data (Fig. 3.16).

FIGURE 3.15: Energy spectra of protons extracted from concur-
rent proton parabolas obtained in shot no. 59104 (Fig. 3.14)

FIGURE 3.16: Examples of DD-induced proton energy spectra
from different shots performed in described PALS experiment.
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The possible explanation is that DD-originated particles were further ac-
celerated in vicinity of extreme electric fields arising during this particular
approach to laser-matter interaction, leading to increase of the maximal en-
ergy of the measured particles, thus flattening the observed spectrum. This
phenomenon is yet to be further investigated and properly modelled.

Information about protons with energies equal or higher than Ep+DD
can

be compared with number of neutrons registered during the shot, eventually
confirming obtained neutron yield. Therefore, during recent experimental
session for a series of shots where the most energetic protons were expected
(in this case shot no. 59104), CR39 track detector was installed in special
holder near the entrance to the TPS system.

FIGURE 3.17: Schematic picture of track detector holder
equipped with Al foils of different thickness used in described

experiment.

The holder consisted of 4 sections of entrance holes, each row being cov-
ered with different thickness of aluminium foil filters. Thickness of the fil-
ters was carefully chosen to enable differential analysis of the number of
pits, which could be then cross-checked with the TPS results. To do so, cal-
culations employing Bethe-Bloch formula made in SRIM [67] and LISE++
[68] were performed. The cut-off energies (minimal energies of the particles
possible to be registered on the surface of the detector) of chosen set of alu-
minium foils are presented in the table below.

Such choice of filters allowed to estimate number of DD-originated pro-
tons in the sections covered with 83 µm Al foil. According to literature [69,
55], in case of protons the size of the pits is decreasing with the particle en-
ergy for given etching time. Thus, number of the pits of the biggest diame-
ter should correspond with protons slightly exceeding Ep+DD

. The CR39 de-
tector was placed 50 cm away from the cavity target, 1 cm below the TPS
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line of sight. After the experiment, track detectors were etched in NaOH
6.25M solution, bathed at 70 °C. The duration of etching was being chosen
according to number of visible pits revealed on the surface of the detector.
In case of shots where deuterized cavity was used, due to extraordinary
amount of craters emerging in relatively short etching time, the etching pro-
cess had to be stopped after 60 minutes. For filter thickness lower than 65 µm
(Fig. 3.18, 3.19) number of pits was too high, resulting in saturation of the
detector, eventually making analysis of these sections impossible. The stan-
dard approach to analysis of track detectors is based on not only number of
tracks, but also measurement of their diameter which allows to distinguish
particular ion species and their energy. Presented photographs show that ex-
traordinary number of pits, even for the thickest applied filters, caused the
detectors to be nearly saturated, eventually preventing author from perform-
ing energy-resolved calculations.

Thickness [µm] Cut-off energy for protons [MeV]

20 1.75

50 2.25

65 2.65

83 3

TABLE 3.1: Cut-off energy of protons for different thickness of
Al filters calculated in SRIM code.

Fortunately, condition of the most important sections corresponding to
cut-off energies equal 3 MeV allowed to count the biggest visible craters,
which correspond to protons produced in DD reaction. The analysis was car-
ried out using ImageJ software [70], where automatic track counting function
is implemented. Due to large amount of tracks and risk of malfunction of the
counting algorithm, an area of 1mm2 was selected to count the pits using
the software and then to calculate total number of particles at given energy
per steradian, which resulted in number np@3MeV = 1.3 × 1010 1

sr . This value
stands in good agreement with number of neutrons detected using BD-PND
detectors (2.15 ± 0.42 × 109, roughly 20% difference in favour of CR39) and
proton data obtained by means of TPS (∼ 7× 1010, roughly 20% difference in
favour of TPS).
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FIGURE 3.18: Microscopic image of track detector after irradia-
tion through 20 µm Al filter.

FIGURE 3.19: Microscopic image of track detector after irradia-
tion through 50 µm Al filter.
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FIGURE 3.20: Microscopic image of track detector after irradia-
tion through 65 µm Al filter.

FIGURE 3.21: Microscopic image of track detector after irradia-
tion through 83 µm Al filter.
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3.2.2 Post-experimental FLASH simulations: PALS laser

pulse interaction with cavity target

To assess the potential of applied cavity dimensions in driving D-D fusion re-
action, MHD simulations similar to these presented in Section 2.1 were per-
formed with the geometry of cavity used in shot 59104, in which the best
(in terms of proton energy) results were obtained, following the simulation
parameters displayed in Table 3.2.

FIGURE 3.22: Temporal profile of PALS laser pulse intensity
used for post-experiment simulations of laser-matter interac-
tion with cavity target. The temporal profile is based on ex-

perimental data.

The important feature of this particular laser system is extended pedestal
of the produced pulse. Although the FWHM value of pulse duration is
equal to τ = 350 ps, the actual laser-matter interaction lasts for up to sev-
eral nanoseconds, depending on the desired pulse duration. Obtained levels
of intensity allow to produce dilute pre-plasma, which affects the interaction
process. In order to take this effect into account, the temporal intensity pro-
file used in simulations was based on intensity profile obtained via contrast
measurements performed during one of the experimental sessions (Figure
3.22).

Spatial 2D distributions of tracked parameters (density, electron temper-
ature and pressure) reveal that the time difference between the start of laser-
matter interaction and the time at which corona of the polyethylene plasma
reached cavity wall was equal to tshock = 2.2 ns (Figure 3.23). Due to the
fact that this moment occurs during duration of the energy deposition, while
intensity peak of laser pulse is still interacting with the material, it can be
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stated that the effect of Cavity Pressure Acceleration was present. After an-
other 1 ns the maximum of electron temperature was achieved along the z
axis of the simulation (Figure 3.24) due to collision of shockwaves reflected
from the cavity walls in the centre of the cavity.

Laser energy [J] 600
Laser wavelength [µm] 1.315

FWHM pulse duration [ps] 350
Focal spot diameter [µm] 100

Intensity [W/cm2] 2.2 × 1016

Cavity depth [µm] 300
Cavity diameter [µm] 700

Polyethylene thickness [µm] 150
Timestep [ps] 100

Simulation length [ns] 10

TABLE 3.2: Parameters used for simulation of PALS laser pulse
interaction with the cavity used during experimental session

Based on investigation of the thermodynamical parameters time evolu-
tion, it is clear that while both temperature and pressure develop quickly and
their highest values are maintained inside the cavity simultaneously for ap-
proximately 2 ns (Fig. 3.25), the density of the plasma inside the cavity is not
exceeding the value of 10 g

cm3 . For this reason, the reaction rate of deuterium-
deuterium fusion (that was the source of multi-MeV protons that were de-
tected during the experiment) is far from optimal.

As visible on density distribution presented in Fig. 3.24, due to diameter
of the applied cavity, created plasma deflects on the edge of copper wall of
the cavity and escapes from the system, which leads to non-optimal perfor-
mance of the CPA mechanism in terms of dense plasma jet creation. How-
ever, the fact that the highest temperature is present with nanosecond-scale
delay in respect to the beginning of the interaction corroborate with the ex-
perimental observations in terms of two measured proton beams of different
energies, discussed in section 3.2.1. The initial proton beam of lower energy
is in all probability created before the tshock due to classical, ablative accceler-
ation processes. The second observed proton beam, where the most energetic
protons were detected during the expermiment, was produced at later times
when high temperature and pressure were maintained inside the cavity. In
paralell with temperatures exceeding T = 7 keV, extreme pressure (which ac-
cording to simulations might increase up to 100 MBar inside the cavity (Fig.
3.25) was responsible for deformation of the cavity shape which resulted in
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FIGURE 3.23: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity used during PALS exper-

iment at 2.2 ns of simulation time.

FIGURE 3.24: 2D distributions of density (upper left), electron
temperature (upper right), pressure (bottom left) and deposited
laser energy (bottom right) for cavity used during PALS exper-

iment at 3.2 ns of simulation time.
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spatial displacement of the secondary parabola as reported in section 3.11.
Furthermore, the time at which the parameters relevant to fusion were no-
ticeably increased suggest the moment at which the additional accelerating
force was present which is important finding in context of identifying the
mechanism responsible for increasing the energy of protons above the value
expected from the D-D reaction, which is one of the goals of future research
on discussed topic.

FIGURE 3.25: Time evolution of maximum values of thermody-
namic parameters during simulation time for cavity used dur-

ing PALS experiment
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3.2.3 FLUKA simulations for CPA-induced proton beam

energy spectrum

Coherent results from different diagnostics encouraged attempts to examine
possibility of using such DD-CPA accelerated proton beam in proton-boron
reaction and compare them with basic, TNSA-oriented approach presented
earlier in this thesis. Similarly to previous set of FLUKA simulations, a num-
ber of calculations were performed to find optimal thickness of boron catcher
when using proton beam enhanced with particles coming from Cavity Pres-
sure Acceleration.

FIGURE 3.26: Alpha particle energy spectrum for different
thickness of pure boron-11 catcher - calculated in FLUKA us-

ing energy spectrum obtained in shot no. 59104.

Basing on performed Monte Carlo simulations, using such proton beam
would result in wide energy spectrum of produced alpha particles, peaking
near 3.5 MeV and reaching maximum energies up to 10 MeV (Fig. 3.26). The
latter stands in great agreement with previous experimental works of differ-
ent groups [36, 39, 42]. In contrary to case of using proton spectrum obtained
in HPLL, the energy range of proton beam obtained during DD-CPA scenario
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enables generation of neutrons when colliding with 11B target, resulting in
scoring neutrons of gaussian-like distribution with energies up to 2.3 MeV
(Fig. 3.26), which number increases almost linearly up to 50 µm thick target
and reaching plateau for target thicker than 120 µm (Fig. 3.27). According
to obtained results, the optimal target thickness for the highest yield of al-
pha particles requires catchers in range of 20− 30 µm (Fig. 3.27), at which the
neutron yield remains relatively low.

FIGURE 3.27: Total alpha particle (solid line) and neutron
(dashed line) yield as a function of catcher thickness.

For target thickness exceeding 140 µm the number of scored neutrons is
exceeding the number of alphas. This is due to the stopping of α particles in
the target volume due to electronic and nuclear stopping power, opposite to
charge-less neutrons which are only affected by collisions. To visualize this
effect, 2D USRBIN scoring of the alpha particles fluence inside the target was
performed for 20 − 120 µm and 300 µm thick targets. As seen on Figure 3.28,
alphas are evenly distributed along the target and they are visible on both
front and rear sides of the boron catcher (Fig. 3.29). As the target thickness
increases, less alphas are reaching the rear side of the foil (Fig. 3.30, 3.31).
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FIGURE 3.28: 2D map of residual alpha particles fluence in
20 µm pure boron-11 target volume.

FIGURE 3.29: 2D alpha particle distribution for 20 µm boron-11
catcher for shot no. 59104 proton spectrum.
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FIGURE 3.30: 2D map of residual alpha particles fluence in
100 µm pure boron-11 target volume.

FIGURE 3.31: 2D alpha particle distribution for 100 µm boron-
11 catcher for shot no. 59104 proton spectrum.
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FIGURE 3.32: 2D map of residual alpha particles fluence in
300 µm pure boron-11 target volume.

FIGURE 3.33: 2D alpha particle distribution for 300 µm boron-
11 catcher for shot no. 59104 proton spectrum.
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As visible on Figure 3.32, the alpha particles cannot penetrate further than
200 µm, effectively resulting in the absence of α behind the target for thicker
targets (Fig. 3.33).

Although for optimal target thickness the neutron yield is relatively low,
minimizing number of produced neutrons in secondary reactions such as
11B(p, n)11C and 11B(p, n)14N (products which leads to 14N(α, n)17F ) is im-
portant from the radiation threat point of view and of high importance for
considered fusion reaction, which aneutronic character should be preserved
as much as possible. Therefore, additional simulations were carried out, this
time replacing pure 11B with natural boron, which consists of two boron iso-
topes - 80% 11B and 20% 10B. The 10B isotope is widely used in nuclear science
as material which mitigates the yield of neutrons through neutron capture re-
action [71].

10B + n → 11B
∗ → α + 7Li + 2.31 MeV (3.2)

FIGURE 3.34: Total alpha particle (solid line) and neutron
(dashed line) yield as a function of pure boron-11 (green) and

natural boron (black) catcher thickness for shot no. 59104.
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Moreover, above reaction produces alpha particle, which suggests poten-
tial impact in terms of increasing total alpha yield. Another benefit of using
natural boron is being cheaper and more accessible than pure 11B foils. The
results for targets composed of natural boron in fact carry lower number of
neutrons, however the amount of produced α particles is 20% lower compar-
ing to pure 11B catchers at given thickness. This suggests that no actually
impactful neutron capture is taking place in case of natural boron targets and
the difference in 11B content between pure 11B and natural boron (80% 11B,
20% 10B) is the only factor responsible for these results.

FIGURE 3.35: Alpha particle energy spectrum for different
thickness of pure boron-11 catcher - calculated in FLUKA us-

ing energy spectrum obtained in shot no. 59125.

While in most cases the energy spectrum of protons reconstructed from
the TPS measurements remained relatively flat for energies exceeding 1.5
MeV, one particular case of shot number 59125 (green line, Fig. 3.16) should
be emphasized due to visible peak centred at Ep+ = 3.7 MeV. As discussed in
previous section 3.2.1, the presence of very strong spontaneous electric field
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leading to acceleration of DD fusion generated protons resulted in broad-
ening of energy spectra, allowing protons to reach energies by far exceed-
ing range available in other acceleration mechanisms at given laser intensity.
However, the shape of energy spectrum of shot 59125 indicate that significant
amount of protons remained in energy range which could be expected from
process employing nuclear DD reaction. Therefore, a similar set of FLUKA
simulations was performed, using proton spectrum from this shot, in order
to evaluate the impact of obtained characteristics of the proton beam on the
proton-boron reaction.

While energy spectrum of alphas scored during simulations shows
similar shape comparing to previous calculations, the population of neu-
trons presents narrow, strong peak with maximum energy below 1.5 MeV
(Fig. 3.35). The total number of produced neutrons reach plateau at 50 µm
thick targets (Fig. 3.36), however contrary to previous results (Fig. 3.34) num-
ber of produced neutrons never exceeds the alpha yield.

FIGURE 3.36: Total alpha particle (solid line) and neutron
(dashed line) yield as a function of pure boron-11 (blue) and

natural boron (red) catcher thickness for shot no. 59125.
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FIGURE 3.37: 2D map of residual alpha particles fluence in
20 µm pure boron-11 target volume (shot no. 59125).

FIGURE 3.38: 2D alpha particle distribution for 20 µm boron-11
catcher for shot no. 59125 proton spectrum.
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FIGURE 3.39: 2D map of residual alpha particles fluence in
100 µm pure boron-11 target volume (shot no. 59125).

FIGURE 3.40: 2D alpha particle distribution for 100 µm boron-
11 catcher for shot no. 59125 proton spectrum.
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FIGURE 3.41: 2D map of residual alpha particles fluence in
300 µm pure boron-11 target volume (shot no. 59125).

FIGURE 3.42: 2D alpha particle distribution for 300 µm boron-
11 catcher for shot no. 59125 proton spectrum.
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Another worth mentioning feature is visible peak showing the increase
of the number of alpha particles for thickness between 80 µm - 120 µm.
Considering that proton beam spectrum used for this case exhibited quasi-
monoenergetic feature, once again the profile of alpha particles fluence inside
the target was extracted and presented on Figures 3.37 - 3.42.

As visible on Figure 3.41, there is an increase of number of the alpha par-
ticles located roughly 100 µm deep in the 300 µm thick target. This is due to
fraction of protons with energy ∼ 3.7 MeV slowed down to the energy cor-
responding to the main resonance in proton - boron cross section at 675 keV,
which results in increase of the alpha yield in this range of catcher thickness
(Fig. 3.43).

FIGURE 3.43: Result of Bethe-Bloch calculation of stopping 3.7
MeV proton in pure 11B. Calculation was made using tool avail-
able at https://web-docs.gsi.de/ lestinsk/beamcalc/bb.php

Total yield obtained with USRBDX scoring estimator in FLUKA is by de-
fault given per incident primary – in this case per incident proton. It allows
to compare theoretical response to specific shape of energy spectrum of the
beam which initiates reactions.

Comparing the results for three described cases, the TNSA-produced pro-
ton beam available at HPLL shows nearly 50% lower alpha yield than any of
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considered DD-CPA examples, among which the case of proton beam with
quasi-monoenergetic peak located near 3.7 MeV gives the best results in units
of particles

proton (Fig. 3.44). For targets thicker than 100 µm the number of alpha
particles produced by this proton beam is visibly smaller than for 59104 case,
however number of scored neutrons is two times lower per incident proton.

For DD-CPA shots one can normalize the results by multiplying the yield
value by total number of protons used for retrieving energy spectra, allowing
to quantitatively compare these cases. It is possible due to choice of detector
used for TPS measurements, which in this case was Image Plate of BAS-IP
TR type, for which calibration curves for various ion kinds are available in
numerous articles. In our case, we rely on results collected by collaborative
group lead by researchers from Queen’s University Belfast [72].

FIGURE 3.44: Total alpha particle (solid line) and neutron
(dashed line) yield as a function of catcher thickness - compari-

son of three described cases.

In contrary, the data obtained for TNSA accelerated protons was collected
with multi-channel plate (MCP) coupled with phosphor screen instead of Im-
age Plate, which is yet to be calibrated using monoenergetic particles with ei-
ther cyclotron or linear particle accelerator. Therefore obtaining quantitative
results in this scheme using our TPS is not possible at the moment.
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FIGURE 3.45: Total normalized alpha particle (solid line) and
neutron (dashed line) yield as a function of catcher thickness

FIGURE 3.46: Ratio of total neutron and alpha particle yield
calculated in FLUKA as a function of target thickness.
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After taking into account total number of protons obtained from TPS
energy spectrum reconstruction, which is equal to N59104 = 2.43 × 1015

and N59125 = 1.24 × 1015 respectively for shots 59104 and 59125, and includ-
ing number of neutrons measured by means of BD-PND detectors for given
cases, the final information of produced alpha particles and neutrons can be
obtained (Fig. 3.45).

Important finding of this work is that for considered range of target thick-
ness, the neutron yield can achieve levels comparable to, or even exceed, the
yield of proton-boron fusion primary product - alpha particles. Alpha par-
ticle and neutron yield dependency on target thickness presented on Figure
3.45 can also be displayed as a ratio of produced neutrons and alphas Nn

Nα
(Fig-

ure. 3.46). This approach reveals that the difference in using natural boron
instead of pure boron-11 catchers does not lower the production of neutrons
in secondary reactions. As presented on Figures 3.26 and 3.35, the energy
of scored neutrons is greater than what is considered as "thermal", therefore
the neutron capture reaction (which is possible due to the presence of 10B) is
not efficient. The positive impact of neutron capture starts to be visible for
targets thicker than 140 µm when proton beam obtained from shot no. 59125
was used in simulations. The explanation for this is increasing number of
collisions between neutrons and nuclei of target atoms together with the tar-
get thickness. Nevertheless, this effect is very weak, and is not observed
for shot no. 59104 proton beam, which exhibit higher energies of protons.
Moreover, in pitcher-catcher scenario considered in this thesis, the shape of
energy spectrum of proton beam injected into catcher shows much greater
influence on the neutron to alpha ratio than the target’s content of boron iso-
topes. The neutron results need to be adressed as well due to relatively high
yield comparing to other works, e.g in article of Bonvalet et al. [43] where
neutron yield was reported as 7.4% and 2.3% of total alpha particle number
when using 200 µm thick targets for proton energies achieving up to 30 MeV
and 10 MeV respectively. In this work, for the most optimal target thick-
ness (which is 12 µm in terms of alpha-to-neutron ratio), the lowest achieved
number of neutrons was equal to 11% as presented on Figure 3.46. This value
stands in agreement with result provided by Bonvalet, however (according
to presented extensive simulations performed in FLUKA) as the target thick-
ness increase, the neutron number increases rapidly, putting the aneutronic
character of proton-boron fusion experiments in doubt. Unfortunately until
now, the detailed studies of neutron production in p + 11B reaction basing
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FIGURE 3.47: Numerical results presented in this work com-
pared to experimental campaigns performed in last 20 years.

Reused and edited from [35].

on experimental data were not published, which encourages to further in-
vestigation of this effect not only numerically by using different Monte Carlo
codes, but also in experiments.

The presence of neutrons in principle should not be considered as a dis-
advantage in this fusion approach as they can be used as in-situ diagnostics
in future power-plants [61] and idea of mixed proton-boron fuel (containing
fraction of other relevant fusion fuels such as DT or DD) is currently consid-
ered in the field [73].

In order to compare numerically obtained values of alpha yield with ex-
perimental results presented on Figure 1.13, the dataset was reiterated and
displayed on Figure 3.47.
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4 Conclusions

The results presented in this work demonstrate the possible application of
Cavity Pressure Acceleration in laser fusion-related research, at the same
time show the potential of using this technique in generation of multi-MeV
protons by exploiting the products of deuterium-deuterium reaction as re-
ported in Section 3.2.1. The results obtained via Thomson Parabola Spec-
trometer were analysed and interpreted using numerical tool designed and
created by the Author, described in Section 2.2.2.

The main difference between this approach and other, widely used laser
ion acceleration methods is lack of laser intensity dependence on the effi-
ciency of energetic particles acceleration (production) - the discussion made
in section 2.1 (which is based on the numerical results obtained for nanosec-
ond kilo-joule class laser) reveal that thermodynamical parameters crucial for
driving fusion reactions are exceeding these that are attainable when higher
intensity laser systems are used, as it concluded from section 3.2.2. The nec-
essary condition to achieve this is proper choice of the cavity geometry ac-
cording to pulse characteristics of the particular laser system.

The practical meaning of this fact is opening possibilities to use more ac-
cessible, low intensity laser systems to generate streams of energetic particles
more efficiently - comparing the energy ranges and number of protons accel-
erated using Target Normal Sheath Acceleration using 10 TW laser system
(presented in Section 3.1) and these achieved with 2 TW laser system (when
CPA mechanism with deuterated materials was used) clearly shows potential
of described method.

Results of Monte Carlo simulations presented in section 3.2.3 show the
benefits of employing Cavity Pressure Acceleration mechanism in pitcher-
catcher scenario of proton-boron fusion, which not only allow to obtain alpha
yield superior to this guaranteed by traditional TNSA approach using TW-
class lasers (discussed in 3.1.2), but also results comparable to these obtained
on laser systems capable of delivering few order of magnitude more intense
laser pulses (results presented in Fig.3.47).
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All of the findings concluded above support the statement:" The intense
proton beam generated through thermonuclear reaction of D + D via Cavity
Pressure Acceleration method allows to more efficient generation of alpha
particles by means of p + 11B → 3α fusion reaction comparing to standard
approach to laser ion acceleration methods using TW-class laser system",
which is the thesis statement of this work.

The disadvantage of CPA approach is quite complicated target design
and significant amount of debris and projectiles that might be launched to-
wards optics and devices placed in the experimental chamber due. The rea-
son for this is extreme pressure, reaching up to 1 Gbar, arising in the cavity
during plasma confinement that leads to deformation and in some cases, as
our group experienced in past years, launching shrapnels of destroyed cav-
ity housing towards equipment installed in chamber - this effect was min-
imised when CD2 powder-filled variant of cavity was used. Nevertheless,
both of these issues have to be adressed when high repetition of shots will
be expected in the experiment. Another difficulty during performing ex-
periments when deuterium-enhanced CPA method is applied are multiple
sources of particular particles of different energies, which are challenging
from diagnostic point of view. As an example, using this method in driv-
ing proton-boron reaction requires user to introduce precise time-of-flight
measurements to discriminate neutrons coming from deuterium-deuterium
reaction from those originated from secondary proton-boron reactions.

At the moment of printing this work, majority of experimental results pre-
sented and discussed in section 3.2.1 were already published by the Author
in peer-reviewed journal [74].

The results of simulations presented in Section 2.1, as well as the Monte
Carlo simulations of CPA-produced proton beam interaction with thin boron
foils discussed in 3.2.3, are the basis for upcoming experimental campaign,
which at the moment of concluding this dissertation is confirmed and sched-
uled (Autumn 2025) for the L4n laser system, one of the beamlines located at
Extreme Light Infrastructure facility (Dolní Břežany, Czech Republic):

"ELIUPM4-11: Hybrid laser-induced proton–boron fusion using nanosecond
laser system: benchmark of an approach employing protons produced during
thermonuclear D(d,p)T reaction".
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