
2
0
2
0
 
J
I
N
S
T
 
1
5
 
C
0
2
0
0
1

Published by IOP Publishing for Sissa Medialab

Received: November 26, 2019
Accepted: December 23, 2019
Published: February 3, 2020

Plasma Physics by Laser and Applications (PPLA 2019)
Physics Department, University of Pisa, Pisa, Italy
29–31 October, 2019

Acceleration of carbon ion beams by an ultraviolet laser
under conditions relevant for ion fast ignition of inertial
fusion

J. Badziak and J. Domański1

Institute of Plasma Physics and Laser Microfusion,
Hery Street 23, 01-497 Warsaw, Poland

E-mail: jaroslaw.domanski@ifpilm.pl

Abstract: The properties of carbon ion beams produced by a 100-kJ, 1-ps, KrF ultraviolet laser
under conditions relevant for ion fast ignition (IFI) of DT fusion are numerically investigated using
the 2D3V particle-in-cell code, and the possibility of achieving the ion beam parameters required for
IFI is tested. The numerical simulations of carbon ion acceleration were carried out for flat carbon
targets of various thicknesses (LT) and for various laser beam apertures (dL) on the target, while the
laser pulse duration and energy were fixed. It was found that both the radiation pressure acceleration
(RPA) mechanism and the sheath acceleration mechanism significantly affects the characteristics
of the ion beam, with the RPA dominating in the case of thicker targets (LT ∼ 10–30 µm). The ion
beam parameters depend to a significant extent on the target thickness and the distance from the
target. The mean and maximum ion energy decrease with the increase of LT from 3 µm to 30 µm,
while the ion beam intensity, the beam energy fluence and the total energy of the “useful part” of
the ion beam (with an aperture ≤ 50 µm) reach maximum values at LT ∼ 5–10 µm. For the optimal
value of LT and a small distance x from the target (x ∼ LT), the ion beam parameters are close to
or higher than what is required for IFI. However, due to the angular divergence of the ion beam,
the beam intensity and fluence decrease with an increase in the distance from the target, and at
x ≥ 0.5mm the beam parameters are below the values required for fusion ignition. To reach these
values, higher laser energies and/or more sophisticated schemes of ion acceleration are required.

Keywords: Accelerator modelling and simulations (multi-particle dynamics; single-particle dy-
namics); Ion sources (positive ions, negative ions, electron cyclotron resonance (ECR), electron
beam (EBIS)); Accelerator Applications

1Corresponding author.

c© 2020 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1748-0221/15/02/C02001

mailto:jaroslaw.domanski@ifpilm.pl
https://doi.org/10.1088/1748-0221/15/02/C02001


2
0
2
0
 
J
I
N
S
T
 
1
5
 
C
0
2
0
0
1

Contents

1 Introduction 1

2 The numerical code and the laser and target parameters 3

3 Results and discussion 4
3.1 Basic characteristics of the generated ion beam 4
3.2 Dependence of characteristics of the ion beam on the target thickness 7

4 Conclusions 9

1 Introduction

Fast ignition (FI) [1–4] is an alternative approach to inertial confinement fusion (ICF) that differs
from the conventional central-hot-spot ignition fusion [5, 6] by using separate drivers for the
compression and ignition of the deuterium-tritium (DT) fuel. In this approach, a small part
(∼ 10−5 g) of DT fuel is compressed to about 1000 times the solid density (ρf ∼ 300 g/cm3) by a
long-pulse (ns) driver (laser beams, X-rays), and then heated by an external ignitor to temperature
∼ 10 keV. If the volume of the compressed fuel is sufficiently large (the confinement parameter
ρfrf > 2 g/cm2), a thermonuclear burn wave ignited in the hot spot propagates through the fuel and
so energy is produced. To compress the fuel, both direct-drive and indirect-drive approaches can
be used. In the second approach, the X-rays can be produced by a laser, by a heavy ion beam from
an accelerator, or by a Z-pinch [6]. As an ignitor, an intense short-pulse (picosecond) beam of fast
electrons [1, 7–9], protons [2–4, 10–15], or ions [4, 16–22] can be used. Fast ignition has some
potential advantages over conventional ICF, in particular: a higher energy gain, a lower overall
driver energy, a reduction in compression symmetry requirements, and flexibility in using various
compression drivers. However, the particle beam parameters required for ignition are extremely
high, difficult to achieve using conventional accelerators, and the efficiency of energy transfer from
the beam to the fuel should be high.

A promising option of FI is to use an ion/proton beam driven by a short-pulse multi-PW
laser for the fuel ignition. Ion fast ignition (IFI) offers the well-controllable transport of ions from
the ion source to the fuel, along with an efficient and localised deposit of ion energy to the fuel.
The main challenge is achieving extremely high ion beam parameters and ion energy spectrum
ensuring optimal ion energy range in the fuel, as well as reaching high (> 10%) laser-to-ions energy
conversion efficiency.

According to current knowledge, based mainly on numerical simulations performed at rather
idealised assumptions for both the ion beam and the fusion (DT) target, the parameters of the ion
beam required for the target ignition are as follows [3, 4, 19]: (a) beam intensity Ib ∼ 1020 W/cm2,
(b) fluence Fb ∼ 1GJ/cm2, (c) beam energy Eb ≥ 10 kJ, (d) duration of the ion pulse τb ∼ 1–10 ps,
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(e) ion density ni ∼ 1022 cm−3, and (f) mean ion energy (in the beam with the narrowest possible
spectrum) Ei ∼ 10–40MeV/amu.

To meet requirement (c) in the case of protons with a mean ion energy of ∼ 5–10MeV, the
number of protons in the beam must be very large ∼ 1016. Since protons of such energies are
usually produced by the target normal sheath acceleration (TNSA) mechanism [23–25] from a thin
(< 0.1 µm) layer on the rear surface of the target, the size of the proton source enabling the production
of 1016 protonsmust be large (> 0.1mm), and the proton beam intensity and density at the source are
much lower than the required. To meet requirements (a, b), the proton beam has to be highly focused
to a spot several tens of micrometres wide, which is technically difficult. In addition, the focusing of
the beam can be the source of an additional significant loss of beam energy (only part of the protons
of the beam can be focused to the required spot). Another drawback is a broad (quasi-Maxwellian)
energy spectrum of TNSA protons, which results in lengthening the ion pulse and decreasing its
intensity during propagation from the source to the fusion target. In the case of using heavier ions
for IFI such as carbon ions or vanadium ions [4], the number of accelerated ions can be considerably
lower (by a factor of ∼ 102 for C ions and ∼ 103 for V ions) than for protons, because the required
ion energies are considerably higher (several hundred MeV for C, and several GeV for V) [4]. Thus,
both the volume and the transverse size of the ion source can bemuch smaller than the proton source.
Furthermore, the acceleration of ions to sub-GeV (C ions) or GeV (V ions) energies requires laser
intensities ≥ 1021–1022 W/cm2, considerably higher than those ensuring the generation of multi-
MeV protons. At such laser intensities, the ion acceleration mechanisms other than TNSA can
dominate the acceleration process. Among these, the mechanism referred to as radiation pressure
acceleration (RPA) [24–28] or skin-layer ponderomotive acceleration (SLPA) [29]–[31] seems to be
especially promising for producing ion beams relevant for IFI. In particular, for a target thick enough
to ensure the required number of ions, the RPA mechanism can accelerate ions from the whole
irradiated volume of the target and generate a high-energy, quasi-mono-energetic ion beam with a
beam density and intensity up to several orders of magnitude higher than those for TNSA-driven
proton beams [13, 25, 29, 31]. As a result, little to no focusing of the RPA-driven beam of C or
V ions on the fusion target would be required. Thus, C or heavier ions accelerated by the RPA
mechanism can be an attractive alternative to protons in IFI research.

In a real ion acceleration process, two or even more acceleration mechanisms can contribute
to this process, and very often the RPA mechanism competes with the TNSA mechanism during
the ion acceleration. For the production of ion beams relevant for IFI, the contribution of RPA to
the acceleration process should be maximised, while TNSA should be minimised since it leads to
the broadening of the ion energy spectrum and the reduction of the ion beam intensity. Because
the radiation pressure increases proportionally to laser intensity, the contribution of RPA to the
acceleration process grows with an increase in laser intensity. This contribution also depends on
the irradiated target properties, as well as on the laser pulse contrast ratio (a high contrast ratio
is preferred [32]) and the laser beam polarisation [24, 27, 28] and wavelength [33, 34]. The use
of circular light polarisation [24, 27, 28] and/or a short-wavelength laser beam [33, 34] reduces
the TNSA contribution to ion acceleration, while helping to reach the RPA-dominant regime of
ion acceleration. In particular, using a high-intensity (IL ≥ 1022 W/cm2) circularly polarised (CP)
ultraviolet (UV) laser beam as the ion beam driver seems to be an efficient way to produce ion beams
with parameters required for IFI. In this case, a KrF excimer laser (λ = 0.25 µm) or a third harmonic
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of Nd:glass laser (λ = 0.35 µm) could be a source of the UV laser beam accelerating the ions. The
potential advantage of a KrF laser is its high energetic efficiency, as well as the ability to operate
with the high repetition rates that are essential features of a laser driver in a fusion reactor. The use
of a KrF laser to generate a dense plasma block for the fast ignition of DT fusion was considered
in the paper [35], where the benefits of using such a laser instead of Nd:glass infrared laser for
plasma block acceleration were demonstrated using hydrodynamic simulations. Unfortunately, the
simulations were performed for very low laser pulse intensities (∼ 1016 W/cm2), several orders of
magnitude lower than those required for IFI. To the best of our knowledge, there have been no
studies on the UV-laser-driven acceleration of ions in laser-target interaction conditions relevant for
IFI, and the properties of ion beams produced under such conditions are not well researched enough.

In this paper, the detailed properties of carbon ion beams driven by a 100-kJ, 1-ps, KrF
ultraviolet laser are numerically investigated, and the possibility of attaining the ion beamparameters
required for IFI is discussed. The numerical simulations were performed for realistic, relevant for
IFI parameters of the laser pulse and a carbon target using a multi-dimensional (2D3V) particle-in-
cell PICDOM code, which includes, in particular, the dynamic ionisation of the target and radiation
losses due to synchrotron radiation produced by relativistic electrons. It was found that the ion beam
parameters depend significantly on the target thickness LT and the distance x from the target. At
an optimal value of LT and a small distance from the target (x ∼ LT), the ion beam parameters are
close to or higher than what is required for IFI; however, at larger distances (x ≥ 0.5mm), desirable
in real fusion systems, the beam parameters are below the values required for fusion ignition.

2 The numerical code and the laser and target parameters

The numerical simulations of carbon ion acceleration by a high-energy KrF laser were performed
using a fully electromagnetic, relativistic multi-dimensional (2D3V) particle-in-cell PICDOM
code [36], which includes, in particular, “on-line” calculations of the ionisation levels of the
target atoms and accelerated ions [37–39], as well as radiation losses (RL) due to synchrotron
radiation produced by relativistic electrons driven by the laser [40]–[44]. In the code, the process
of ionisation is described using the Ammosov-Delone-Krainov formula [45–50], while the Sokolov
model is used [51] to calculate the radiation losses (the radiation reaction force). However, due to
very long computing time necessary for the planned simulations at the super-computer accessible
by us ( typically one month for a single set of the laser and target parameters), we had to simplify
the code to perform the simulations in a reasonable time period and, as a result, the RL has not been
included in the simulations.

In the simulations, a flat carbon target was irradiated by a circularly polarised 1 ps laser pulse
with a wavelength equal to 0.25 µm, an energy of 100 kJ and a beam width (FWHM) dL = 15 µm
or 10 µm (these parameters correspond to a laser pulse peak intensity equal to 4.63 · 1022 W/cm2

or 1.04 · 1023 W/cm2, respectively). The laser beam shape in time and space (along the y-axis)
was described using a super-Gaussian function with a power index equal to 6. The target thickness
(LT) was equal to 3 µm, 6 µm, 12 µm, 18 µm or 30 µm, the target transverse size was equal to 18 µm
or 25 µm and the carbon atom density in the target corresponded to diamond density (1.76×1023

atoms/cm3). A pre-plasma with a density scale length of 0.3 µm and with a density shape described
by an exponential function was placed in front of the target. The simulations were performed in the
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x, y space of dimensions 150 × 31 µm2. The space and time steps were equal to 20 nm and 4.44 as,
respectively. The number of ion macro-particles was assumed to be 30 particles/cell.

3 Results and discussion

Based on numerical simulations carried out using the PICDOM code, we examined various char-
acteristics of the generated ion beam and the dependence of these characteristics on the carbon
target thickness for two laser beam widths (two beam intensities) at a given energy and duration of
the laser pulse. The basic characteristics of the ion beam for fixed values of the target thickness
(LT = 12 µm) and the laser beam width (dL = 15 µm) are shown in sub-section 3.1, while the
dependence of these characteristics on the target thickness is discussed in sub-section 3.2.

3.1 Basic characteristics of the generated ion beam

The ionisation process of the target in the course of the laser pulse interaction with the target is
illustrated in figure 1. The distribution of the ionisation level in the target is not homogenous and
changes over time, right up to approximately 140 fs from the moment the laser starts interacting
with the target. Once that time passes, the target is fully ionised, and the charge state of carbon
atoms reaches the maximum possible value of z = 6. At the beginning of the interaction, the target
is ionised by the electric field of the laser pulse, and then (after t > 50 fs) by the strong local electric
field generated in the target by hot electrons partially separated from ions.

Figure 1. 2D spatial distributions of the ionisation level in the carbon target for different periods of the
laser-target interaction. The target thickness LT = 12 µm, the laser beam aperture dL = 15 µm.

The spatial distributions of the ion density and the electric fields perpendicular to the laser beam
axis Ey in the simulation region for the various stages of ion acceleration are presented in figure 2.
In the initial stage of acceleration (prior to the maximum value of the laser pulse), a compact ion
block with very high density (several times higher than the initial density of the target) is generated
due to the laser light pressure. However, already at this stage of acceleration, heterogeneities in the
ion block are clearly visible. Their main source is plasma instabilities arising in the area of direct
interaction of the laser pulse with the target plasma. Possible mechanisms driving these instabilities
are discussed, for example, in [52–54]. Throughout the further stages of acceleration, the ion beam
structure becomes more and more complex and inhomogeneous, and its density decreases. In the
final stage (at∼ 1.5 ps), the mean density of the high-energy ion beam in the simulation area drops to
ni ∼ 1022 cm−3. While the laser pulse interacts with the target (t < 1.5 ps), the ions are accelerated
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primarily by the RPA in the “hole boring” regime. After this interaction terminates, the ions are still
accelerated by the electric field generated by hot electrons separated from the ions by laser-induced
ponderomotive forces. Unfortunately, both at the RPA stage and the post-RPA stage, the ions are
accelerated not only along the laser beam axis, but also in a radial direction and, as a result, the ion
beam is angularly divergent (see figure 4).

Figure 2. 2D spatial distributions of the ion density and the electric fields perpendicular to the laser beam
axis Ey in the simulation region for various stages of ion acceleration. The target thickness LT = 12 µm, the
laser beam aperture dL = 15 µm.

The energy spectrum of accelerated ions in the linear and logarithmic scale on the vertical axis
is illustrated in figure 3. The spectrum is very wide, but has a distinct peak near 100MeV. Mean
ion energy of approximately 320MeV is rather well suited to IFI requirements [4, 19], however the
shape and width of the spectrum are far from optimal for IFI. In particular, a long high-energy tail
present in the spectrum prevents the efficient and well-localized deposition of the ion beam energy
into the fusion target. The main reason for this unfavorable shape of the energy spectrum is rather
complex ion acceleration mechanism which, in addition to RPA, also includes TNSA and BOA [4]
mechanisms. The latter seems to be responsible for the multi-GeV ions in the tail of the spectrum.

Figure 3. The energy spectra of C ions presented using the linear scale (left) and the logarithmic scale (right)
on the vertical axis. LT = 12 µm, dL = 15 µm.

The angular and spatial distributions of ion beam intensity in the x-y plane recorded at a distance
of 50 µm behind the target and at three different times: at the peak (read), the front slope (black)
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and the rear slope (blue) of the ion pulse are presented in figure 4. Both the angular distributions
and the transverse distributions of beam intensity at various moments differ substantially. The ion
beam with the smallest angular divergence and the narrowest transverse distribution is observed at
the maximum of the ion pulse. However, even in this case, the effective angular divergence of the
beam is quite significant (∼ 20 deg), and the transverse size of the beam is around twice as large as
the transverse size of the laser beam. It indicates the significant influence of radial ponderomotive
forces on the ion acceleration process and formation of the ion beam.

The parameters specifying how to utilise the ion beam in IFI effectively are determined by its
parameters in what is known as the far zone, i.e. at a distance from the ion target x � dL. In the
event that the ion beam is angularly divergent and/or the spectrum of ion velocities is wide (non-
monochromatic), the characteristics of the ion beam in the far zone may differ significantly from
the beam characteristics in the near zone (x ∼ dL). The temporal shape of the ion pulse recorded
50 µm, 100 µm and 500 µm behind the target is shown in figure 5 (the ion pulse intensity is averaged

Figure 4. The angular (left) and spatial (right) distribution of ion beam intensity in the x-y plane recorded at
a distance of 50 µm behind the target and for three different times: at the peak (red), the front slope (black)
and the rear slope (blue) of the ion pulse. LT = 12 µm, dL = 15 µm.

over the area of aperture dc = 50 µm). In turn, figure 6 presents the peak intensity and effective
duration of the ion pulse, as well as the peak power and energy fluence (averaged over dc = 50 µm)
of the ion pulse as a function of the distance x from the target. While calculating the absolute
values of the beam intensity, power and energy fluence in the far zone, the correction resulting
from the three-dimensionality of the beam (3D correction) was taken into account, which is crucial
in the case of angularly divergent beams. The 3D correction was also applied to determine other
characteristics presented below. As can be observed, the ion pulses recorded at various distances
from the target differ not only in peak intensity and duration, but also in shape. The duration of the
ion pulse increases approximately linearly with the increase of the distance from the target, and the
main reason for this is the dispersion of ion velocities. The peak intensity, the peak power and the
energy fluence of the ion pulse decrease quite rapidly with the increase of x. The rapid drop in these
values is the result of two factors: the angular divergence of the ion beam and the dispersion of ion
velocities. It must be noted that the first factor plays a decisive role here. The values of the peak
intensity required for IFI (∼ 1020 W/cm2) are attainable at distances smaller than ∼ 0.5mm from
the target, while the required values of the peak power (> 10 PW) and energy fluence (∼ 1GJ/cm2)
are achievable only close to the target (at x < 50 µm).
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Figure 5. The temporal shape of the ion pulse recorded 50 µm (left), 100 µm (centre) and 500 µm (right)
behind the target. In the calculations of absolute values of the ion pulse intensity at a long distance from the
ion source, a correction related to the three-dimensional expansion of the ion beam was taken into account.
LT = 12 µm, dL = 15 µm.

Figure 6. The peak intensity and duration of the ion pulse (left) as well as the peak power and energy fluence
of the ion pulse (right) as a function of the distance x from the target. In the calculations of the above values,
a correction related to the three-dimensional expansion of the ion beam was taken into account. LT = 12 µm,
dL = 15 µm.

3.2 Dependence of characteristics of the ion beam on the target thickness

Figure 7 presents the dependence of mean and maximum ion energy, as well as the dependence of
ion beam energy recorded in the aperture dC = 50 µm on the target thickness for various distances
x from the target. In that figure, the laser beam aperture for the thinner targets (of LT = 3 µm, 6 µm
and 12 µm) was assumed to be large, dL = 15 µm, while for the thicker targets (of LT = 18 µm and
30 µm) the beam aperture was smaller, dL = 10 µm. Reducing the laser beam aperture to 10 µm,
and, as a result, increasing the beam intensity for the thicker targets, was necessary to ensure the
mean energy of accelerated ions possibly close to the values required for IFI, which for carbon ions
are estimated to be ∼ 300–600MeV [4, 19]. It can be seen that the mean ion energy decreases with
an increase in the target thickness at the fixed laser beam intensity, and that at 5 µm < LT < 20 µm
the mean energy is rather well matched to the values desirable for IFI. The observed decrease in the
mean ion energy with the increase in LT is primarily the result of the fact that thicker targets lead
to laser energy being distributed to a larger number of accelerated ions. The total energy of central
part of the ion beam, which could be considered as “useful” for the fusion target ignition (i.e. with
an aperture ≤ 50 µm), relatively weakly depends on the target thickness, and for distances from the
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target < 0.5mm reaches a maximum value at LT ∼ 5–10 µm. Here, the drop in the mean ion energy
is partly compensated by the increase in the amount of accelerated ions. The total energy of the
“useful” part of the ion beam reaches the values required for IFI (∼ 10 kJ) only at short distances
from the target x ≤ 100 µm.

The dependence of peak intensity and the duration of the ion pulse on the target thickness for
various distances x from the target is shown in figure 8. As in the previous figure, the laser beam
apertures for the thinner targets (3 µm, 6 µm and 12 µm) and the thicker targets (18 µm and 30 µm)
are different and equal 15 µm and 10 µm, respectively. The peak intensity reaches a maximum value
at LT ∼ 5–10 µm and even at distances x ∼ 0.5mm this value is higher than the value of the ion
beam intensity required for IFI. The decreasing ion velocity is the reason for the increase in the ion
pulse duration with increasing LT seen in figure 8. The largest pulse extension is observed at large
distances from the target, and at x ∼ 0.5mm the pulse duration varies from 1 ps to about 5 ps.

Figure 7. The dependence of the mean and maximum ion energy (left) as well as the dependence of the
ion beam energy recorded in the aperture dC = 50 µm (right) on the target thickness for various distances
x from the target. For LT = 3 µm, 6 µm and 12 µm, the laser beam aperture was dL = 15 µm while for
LT = 18 µm and 30 µm, the laser beam aperture was dL = 10 µm. In the calculations, a correction related to
the three-dimensional expansion of the ion beam was taken into account.

Figure 8. The dependence of peak intensity and the duration of the ion pulse on the target thickness for
various distances x from the target. For LT = 3 µm, 6 µm and 12 µm, the laser beam aperture was dL = 15 µm,
while for LT = 18 µm and 30 µm, the laser beam aperture was dL = 10 µm. In the calculations, a correction
related to the three-dimensional expansion of the ion beam was taken into account.

As it was mentioned in the section 2, the radiation losses (RL) due to synchrotron radiation
have not been included in our simulations. Based on the published results (e.g. [40, 42–44]), it could
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be expected that up to ∼ 10–30% of the laser energy can be converted into RL at laser intensities as-
sumed in the simulations. However, even at such high conversion efficiency of the laser energy toRL,
a possible change in the ion beam parameters which are essential for IFI (mean ion energy, the beam
intensity and fluence) should not be dramatic [41, 43, 44] and without affecting the main conclu-
sions of our paper (below). Anyway, the ion beam parameters obtained in the simulations should be
treated as the upper limit of these parameters for the laser-target conditions considered in the paper.

4 Conclusions

A KrF 100 kJ/1 ps laser efficiently accelerates carbon ions to the high energies required for IFI, but
the parameters of the ion beam significantly depend on the target thickness (LT) and the distance
from the target (x). The mean and maximum ion energy decrease with an increase in the target
thickness in the range from 3 µm to 30 µm, while the ion beam intensity, the beam energy fluence
and the total energy of the “useful part” of the ion beam (with an aperture ≤ 50 µm) reach maximum
values at LT ∼ 5–10 µm. For the optimal value of LT and at a small distance from the target (x ∼ LT),
the ion beam parameters are close to or higher than what is required for IFI. However, the ion beam
intensity and fluence quickly decrease with an increase in the distance from the target due to the
angular divergence of the beam, and at a distance x ≥ 0.5mm the beam parameters are below the
values required for fusion ignition. To reach the ion beam parameters required for IFI at realistic
geometries of a fusion system, laser energies higher than 100 kJ and/or more sophisticated schemes
of ion acceleration enabling a reduction in the angular divergence of the ion beam are necessary.

It is worth noting that although the ion beam parameters obtained under the considered condi-
tions seem to be too low to initiate fusion ignition, these parameters are extremely high, not achiev-
able in conventional accelerators. This creates the possibility of using these ion beams to explore
new research areas in high energy density physics, nuclear physics and perhaps also in other fields.
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