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Abstract

The multi-petawatt (PW) lasers currently being built in Europe as part of the Extreme Light
Infrastructure (ELI) project will be capable of generating femtosecond light pulses of ultra-rel-
ativistic intensities (∼1023–1024 W/cm2) that have been unattainable so far. Such laser pulses
can be used for the production of high-energy ion beams with unique features that could be
applied in various fields of scientific and technological research. In this paper, the prospect of
producing ultra-intense (intensity ≥1020 W/cm2) ultra-short (pico- or femtosecond) high-
energy ion beams using multi-PW lasers is outlined. The results of numerical studies on
the acceleration of light (carbon) ions, medium-heavy (copper) ions and super-heavy (lead)
ions driven by a femtosecond laser pulse of ultra-relativistic intensity, performed with the
use of a multi-dimensional (2D3 V) particle-in-cell code, are presented, and the ion acceler-
ation mechanisms and properties of the generated ion beams are discussed. It is shown that
both in the case of light ions and in the case of medium-heavy and super-heavy ions, ultra-
intense femtosecond multi-GeV ion beams with a beam intensity much higher (by a factor
∼102) and ion pulse durations much shorter (by a factor ∼104–105) than achievable presently
in conventional radio frequency-driven accelerators can be produced at laser intensities of
1023 W/cm2 predicted for the ELI lasers. Such ion beams can open the door to new areas
of research in high-energy density physics, nuclear physics and inertial confinement fusion.

Introduction

High-energy ion accelerators driven by a radio-frequency (RF) electromagnetic field are basic
tools for research in nuclear and particle physics, but they also have uses in high energy-density
(HED) physics, materials science and medicine. They are capable of producing mono-energetic
ion beams with ion energies from MeV up to multi-TeV. However, because the acceleration field
strength in these accelerators cannot exceed 1 MV/cm, achieving high ion energy requires a very
long acceleration path, which means that the accelerator is usually a large and fairly complex
device. With their potential to be more compact and less complex, laser-driven ion accelerators
are considered to be a promising alternative or supplement to RF-driven accelerators.

The laser-driven accelerator is composed of a high-intensity short-pulse laser and a target
placed in a vacuum chamber. The interaction of the laser pulse with the target results in the pro-
duction of hot dense plasma. Due to the action of the laser field, a part of the plasma electrons is
separated from the plasma ions which results in the creation of a strong electric field between the
electron layer and the ions. This field accelerates the ions, and because the field strength is
extremely high (up to hundreds of GV/cm) the ions can reach high energies during very short
time periods (<1 ps) and over very short (sub-mm) distances, by orders of magnitude shorter
than required in RF-driven accelerators. The detailed mechanism of ion acceleration depends
on both the laser pulse and the target parameters, with the acceleration mechanisms being different
for different laser–target interaction conditions (Borghesi et al., 2006; Badziak, 2007; Daido et al.,
2012; Macchi et al., 2013). Currently, several ion acceleration mechanisms are known and have
been extensively studied. They include: Target normal sheath acceleration (Snavely et al., 2000;
Wilks et al., 2001; MacKinnon et al., 2002; Allen et al., 2004; Cowan et al., 2004; Borghesi
et al., 2006; Fuchs et al., 2006; Badziak, 2007; Daido et al., 2012; Macchi et al., 2013), skin-layer
ponderomotive acceleration (Badziak et al., 2004; 2008; Głowacz et al., 2006; Badziak, 2007), radi-
ation pressure acceleration (RPA) (Esirkepov et al., 2004; Macchi et al., 2005; 2013; Klimo et al.,
2008; Robinson et al., 2008; Grech et al., 2011; Daido et al., 2012), laser break-out afterburner
(Yin et al., 2006; 2007; Daido et al., 2012; Macchi et al., 2013), collisionless electrostatic shock
acceleration (Silva et al., 2004; Daido et al., 2012; Macchi et al., 2013), ion solitary wave accel-
eration (Jung et al., 2011; Yin et al., 2011), Coulomb explosion acceleration (Esirkepov et al.,
2000; Bychenkov and Kovaliev, 2005), and laser-induced cavity pressure acceleration (Badziak
et al., 2012; 2013). In a real experiment, two or more of these acceleration mechanisms can con-
tribute to the ion acceleration process (Higginson et al., 2018; Qiao et al., 2019).

Laser-accelerated ion beams have the potential to be applied in a variety of fields including
nuclear and particle physics (Ledingham and Galster, 2010; Negoita et al., 2016), HED physics
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(Koenig et al., 2005; Macchi et al., 2013), inertial confinement
fusion (ICF) (Roth et al., 2001; Fernandez et al., 2014), materials
science (Torrisi et al., 2003; Wołowski et al., 2007) or nuclear
medicine(Bulanov et al., 2002; Fritzer et al., 2003; Ledingham
and Galster, 2010). To produce ion beams with parameters
required for the vast majority of these applications, multi-petawatt
(PW) laser drivers and ultra-relativistic laser beam intensities
(≥1023 W/cm2) are required. Such multi-PW lasers are currently
being built at several research centers in the world, and in partic-
ular in Europe as part of the Extreme Light Infrastructure (ELI)
project (Negoita et al., 2016; http://www.eli-laser.eu). However,
studies on ion acceleration in the ultra-relativistic intensity regime
are still in the early stages (Esirkepov et al., 2004; Yin et al., 2007;
Tamburini et al., 2010; Zheng et al., 2012; Capdessus and
McKenna, 2015; Bulanov et al., 2016; Domański et al., 2017; Xu
et al., 2017) and were focused on the acceleration of protons or
light ions. To understand the acceleration mechanisms and ion
beam properties well enough to control the ion beam parameters
at a level required for applications, much more research is neces-
sary. This is especially true for the acceleration of heavy ions.
Although the possibility of generating fast heavy ions using lasers
has been demonstrated in many experiments (Clark et al., 2000;
Krushelnik et al., 2000; Badziak et al., 2001; 2007; McKenna
et al., 2004; Torrisi et al., 2006; Braenzel et al., 2015; Nishiuchi
et al., 2015), the parameters of the generated ion beams, especially
the ion energies, were usually far from what was required for real
applications because the intensities of laser pulses used in these
experiments were too low. The acceleration of heavy ions to
GeV or multi-GeV energies (desirable in the majority of applica-
tions) requires ultra-relativistic laser intensities that are unreach-
able so far, so only theoretical or numerical studies of
laser-driven acceleration of heavy ions at such intensities have
been possible until now. Unfortunately, the number of papers
dealing with this topic is very limited (Wu et al., 2014; Petrov
et al., 2016; 2017; Domański and Badziak, 2018; Domański
et al., 2018; Li et al., 2019), so acceleration of heavy ions in the
ultra-relativistic intensity regime is actually a very poorly explored
research area in the field of laser-driven particle acceleration.

In this paper, the acceleration of light (C), medium-heavy
(Cu), and heavy (Pb) ions by a multi-PW laser pulse of ultra-
relativistic intensity to be available at the ELI infrastructure is
investigated using an advanced multi-dimensional (2D3 V)
particle-in-cell (PIC) code. The ion acceleration mechanisms are
analyzed and results showing various properties of the accelerated
ion beams are presented and discussed. The possibility of produc-
ing ultra-intense, ultra-short (sub-picosecond) ion beams with
parameters unattainable with conventional RF-driven accelerators
is demonstrated and potential applications of such ion beams is
briefly outlined.

Results and discussion

The numerical code and the laser and target parameters

In this paper, we investigate the acceleration of C, Cu or Pb ions
by a multi-PW laser pulse with parameters corresponding to
those of the ELI-NP lasers. The numerical simulations were per-
formed using a fully electromagnetic, relativistic multi-
dimensional (2D3V) PIC code (Domański et al., 2017) extended
with “on-line” calculations of the ionization levels of the target
atoms and accelerated ions that are especially important for prop-
erly modeling the acceleration of medium-heavy and heavy ions

that are not fully ionized by the laser-induced fields. For the
laser intensities assumed in the simulations, tunnel ionization is
the dominant mechanism of ionization of the considered atoms.
For all ionization levels of these atoms, the Keldysh parameter is
much smaller than 1 and the ionization energies are considerably
smaller than the electron rest energy (Popov, 2004; Kramida et al.,
2018). Under such conditions, the process of ionization of the
target atoms could be described using the Ammosov-Delone-
Krainov formula (Ammosov et al., 1986; Chen et al., 2013),
which was implemented to the numerical code.

The simulations were carried out for a 30 fs laser pulse with a
wavelength of 0.8 µm and circular polarization, a peak intensity of
1023 W/cm2, and a beam width [full width at half maximum
(FWHM)] dL = 3 µm [these parameters correspond to a laser
pulse energy of 220 J and are to be available at the ELI-Nuclear
Physics infrastructure (Negoita et al., 2016; http://www.eli-laser.
eu)]. The laser beam shape in space (along the y-axis) and time
was described by a super-Gaussian function with a power index
equal to 6. The laser pulse interacted with a flat carbon, copper
or lead target with a thickness (LT) equal to 100 nm, a transverse
size of 16 µm and an atom density corresponding to a solid-state
density (1.76 × 1023 atoms/cm3 for carbon, 8.45 × 1022 atoms/cm3

for copper, and 3.30 × 1022 atoms/cm3 for lead). A pre-plasma
with a density scale length of 20 nm and with a density shape
described by an exponential function was placed in front of the
target. The simulations were performed in the x, y space of
dimensions 80 × 20 µm2. The space and time steps were equal
to 13.3 nm and 2.22 as, respectively. The number of ion macro-
particles was assumed to be 4330800 (400 particles/cell) for C,
2165400 (200 particles/cell) for Cu and 1082700 (100 particles/
cell) for Pb.

Ionizing properties of the generated ion beam

During the interaction of an ultra-intense laser beam with a solid
target, the target atoms are ionized by a strong electric field of the
laser beam. After the plasma has been produced, the ions created
are additionally ionized by the strong electric field generated in
the plasma as a result of the local imbalance between the positive
charge of ions and the negative charge of the electrons surround-
ing the ions. In the considered case of ultra-relativistic laser inten-
sities, the temperature of the plasma electrons is in the multi-MeV
range (see further) and the electron mean free path is much lon-
ger than the target or the plasma size. As a result, the collisional
ionization of the target atoms and the plasma ions by the elec-
trons, as well as the electron–ion recombination, can be neglected.

Figure 1 presents the ionization spectra of ions, produced from
the target made of C, Cu or Pb, at t = 100 fs, so at the late stage of
the ion acceleration process (t > 3τL, where τL is the laser pulse
duration). The carbon target is ionized to the highest possible
charge state z = 6 and actually, only one C ion specie with z = 6
is accelerated. In the case of a medium-heavy (Cu) or heavy
(Pb) target, many highly charged ion species are produced and
accelerated, and the mean ionization level in the ion beam is
Qmean = 23.3 for the Cu beam, and Qmean = 53.3 for the Pb beam.

Figure 2 shows 2D spatial distributions of the ionization level
in the ion beams generated from a C, Cu or Pb target at the late
stage of ion acceleration. In the case of the C target, only ions with
the charge state z = 6 occur both in the laser-irradiated and non-
irradiated part of the target. In the beams of Cu and Pb ions, the
spatial distribution of the ionization level is strongly inhomoge-
neous, with the highest ionization levels being observed in the
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central part of the beam. It is worth emphasizing that both the
ionization spectrum and the spatial distribution of the ionization
level in the beam change during the acceleration process. This
causes the ion acceleration process to be complex, especially in
the case of acceleration of medium-heavy and heavy ions.

Spatial characteristics of the ion beam and ion acceleration
mechanisms

Both the spatial distribution of the density of ions and electrons in
the generated ion beam, as well as the distributions of laser-
induced electric fields in the plasma are an important source of
information on ion acceleration mechanisms. Understanding
these mechanisms is, in turn, crucial for developing methods to
control the ion acceleration process and obtain parameters of
the ion beam desirable for specific applications. Figure 3 presents
2D spatial profiles of the ion density (a, d), electron density (b, e),
and the electric field accelerating ions Ex (c, f) at the early stage
(t∼ τL) of the acceleration process for the C and Pb targets. At
this stage, RPA is a dominant acceleration mechanism both for
light and heavy ions, and in both cases, fairly dense and compact
ion (plasma) bunches are accelerated along the laser beam axis.
The ion densities in the bunches approach the densities of the
solid targets from which the bunches are produced, and the accel-
erating fields reach extremely high values ∼1 TV/cm.

2D spatial profiles of the ion density (a, d), electron density
(b, e), and the electric field accelerating ions Ex (c, f) at the late
stage (t > 3τL) of ion acceleration are presented in Figure 4. At

this stage, both light and heavy ions are accelerated by an electric
field created by hot electrons moving far away from the ions.
This field is strong enough (the field amplitude locally surpasses
100 GV/cm) not only to effectively accelerate the ions from the
central region of the target irradiated by the laser beam but also
to ionize the target atoms and accelerate the formed ions from
the non-irradiated part of the target. This sheath acceleration
(SA) mechanism results in a rather complex structure of the ion
beam, though also in this case a relatively dense and compact
ion (plasma) bunch accelerated along the laser beam axis can be
observed. The ion acceleration mechanisms are even more clearly
visible in Figure 5, where the spatial profiles of the ion density,
the electron density, and the electric field accelerating ions Ex
along the laser beam axis at the early (a,c) and late (b, d) stages
of ion acceleration are shown. At the early stage, the RPA field
clearly prevails over the SA field for both light and heavy ions.
At the late stage, the ions are accelerated by the SA field, which
is significantly weaker than the RPA field, however. As a result,
most of the energy was delivered to the ion beam in the RPA
stage. At the late stage of acceleration, some differences in the accel-
eration mechanisms of light and heavy ions can be observed. In the
case of light ions, the Coulomb explosion of ions affects the accel-
eration process, while in the case of heavy ions this effect does not
occur. The main reason for this seems to be the strong compression
of the carbon plasma bunch in the RPA acceleration stage, which
causes the electrons surrounding the carbons ions to be unable
to shield the ions efficiently enough in the post-RPA stage when
the radiation pressure that compressed the bunch is equal to zero.

Fig. 1. The ionization spectra of ions produced from the target made of carbon (a), copper (b) or lead (c) at the late stage of ion acceleration.

Fig. 2. 2D spatial distributions of the ionization level in the ion beams generated from the target made of carbon (a), copper (b) or lead (c) at the late stage of ion
acceleration.
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The ion energy spectra

The energy spectra of C, Cu, and Pb ions for the central (“useful”)
part of the ion beam of diameter dC = 2dL = 6 µm and for the final
stage of ion acceleration (t = 250 fs) are shown in Figure 6. For a
better visualization of the structure of these spectra, they were

presented using both the logarithmic scale and linear scale on
the vertical axis. For all the ion beams considered, the spectra
are broad, though their shapes are different. In the case of C
and Cu ions, the two-peak structure in the high-energy range of
the spectrum is clearly visible, while in the case of Pb ions,

Fig. 3. 2D spatial distributions of the ion density (a, d), electron density (b, e), and the electric field accelerating ions Ex (c, f) at the early stage of ion acceleration
for the carbon (a, b, c) and lead (d, e, f) targets.

Fig. 4. 2D spatial distributions of the ion density (a, d), electron density (b, e), and the electric field accelerating ions Ex (c, f) at the late stage of ion acceleration for
the carbon (a, b, c), and lead (d, e, f) targets.
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only a very flat and wide peak in the energy spectrum can be seen.
In general, the complex structure of the spectra is a reflection of
the complex spatial structure of the ion beam (see Fig. 4) and

the contribution of the RPA and SA mechanisms to the ion accel-
eration process. In the case of medium-heavy (Cu) and heavy (Pb)
ions, the main reason for the wide energy spectrum of these ions
is the presence of many ion species with different qi/mi ratios in
the ion beam (qi is the ion charge and mi is the ion mass),
which results in different acceleration efficiencies of these ion spe-
cies. In the case of the carbon ion beam, only one type of ion with
z = 6 is actually accelerated, though there is an additional factor
causing the broadening of the spectrum, namely the Coulomb
explosion in the SA dominated acceleration stage. An additional
factor causing the broadening of the spectrum that occurs in all
the considered cases is the heterogeneity of the transverse distri-
bution of the intensity in the laser beam.

The absolute values of the maximum and mean energy of C,
Cu, and Pb ions, as well as the ion energies per nucleon, calcu-
lated for the central part of the ion beam of dC = 6 µm, are pre-
sented in the diagram in Fig. 7. The absolute values of the ion
energies grow with the increase of the ion mass (the ion mass
number) while the ion energies per nucleon decrease with the
increase of the ion mass. The main reason for this decrease is a
decrease in the average value of the qi/mi ratio in the ion beam
with the growth in the ion mass, which the values for C, Cu,
and Pb ions are equal to 0.5, 0.37, and 0.26, respectively. For all
kinds of ions considered, the mean ion energies are in the
multi-GeV range and the maximum energies reach into the
tens of GeV.

The number of accelerated ions and the laser-to-ions energy
conversion efficiency

The total number of accelerated C, Cu, and Pb ions, and the num-
ber of high-energy (Ei > 1 GeV) ions for the central region of the
ion beam (dC = 6 µm) and for the whole beam, is shown in

Fig. 5. Spatial profiles of the ion density, the electron density and the electric field accelerating ions, Ex , along the laser beam axis in the carbon (a, b) and lead (c,
d) ion beams at the early (a, c) and late (b, d) stages of ion acceleration.

Fig. 6. The energy spectra of C, Cu, and Pb ions for the central part of the ion beam
with a diameter of dC = 6 µm presented using the logarithmic scale (a) and the linear
scale (b) on the vertical axis.
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Figure 8. In turn, Figure 9 presents the laser-to-ions energy con-
version efficiency for all the ions and the high-energy ions for the
beam central region and for the whole beam. Both the number of
accelerated ions and the laser-to-ions energy conversion efficiency
decrease with an increase in the ion mass, though the decrease in
the conversion efficiency is much smaller, as the energies of heavy
ions are significantly higher than those of the light ions (Fig. 7). It
can also be seen that most of the energy of the ion beam is con-
centrated in high-energy ions with GeV energies and the conver-
sion efficiency is fairly high – above 10% for the central region
and above 30% for the whole beam. It is significant that the
energy accumulated in the whole beam is about three times higher
than the energy contained in its central, most intense part, driven
mainly by the RPA mechanism. This is due to the fact that,
although the ions from outside the central region are less ener-
getic, their number is nearly an order of magnitude higher than
in the central region, and as a result, they carry most of the energy
stored in the beam. This, in turn, means that most of the laser
energy is transferred to the ion beam via an accelerating field cre-
ated by hot electrons pushed out of the central region by laser-
induced ponderomotive forces (see Fig. 4).

The ion beam fluence, intensity, and duration

Important parameters of ultra-intense ion beams are the ion flu-
ence Fi (the number of ions per cm2), the ion energy fluence Fie
(measured in J/cm2), and the beam peak intensity Ii (measured
in W/cm2), as well as the ion pulse duration and shape.
Figure 10 presents the ion fluence and the ion energy fluence of
the C, Cu, and Pb ion beams for all ions generated from the central
region of the target (dC = 6 µm), as well as the Fi and Fie values for
the high-energy ions with Ei > 1 GeV. The ion fluence decreases

with an increase in the ion mass, while the ion energy fluence of
the beam is almost independent of the ion mass since the reduction
in the number of ions is compensated by the increase in their
energy. Both the ion fluence and the ion energy fluence reach
very high values (Fi > 10

17 ions/cm2, Fie > 10
8 J/cm2) hardly achiev-

able in conventional RF-driven accelerators.
The temporal shape, peak intensity, and duration of the ion

pulse generated from the target made of C, Cu, or Pb and
recorded at the distance of 30 µm behind the target, are shown
in Figures 11 and 12. It can be seen that the peak intensity of
the ion pulse decreases and the pulse duration increases, with
an increase in the ion mass. Although the energy spectra of accel-
erated ions are broad, the ion pulse durations are very short, ∼10–
60 fs, since the spatial length of the main, most energetic ion
bunch in the C, Cu or Pb ion beam is only a few μm, and the
mean velocity of the bunch is very high >1010 cm/s. Peak intensi-
ties of the ion pulses reach extremely high values ∼1021–1022 W/
cm2 because the ion bunches are dense and the ions in the bunch
have high velocities and energies (the ion pulse intensity Ii = nivi-
Ei, where ni, vi, and Ei are the ion density, velocity and energy,
respectively). The demonstrated values of the ion pulse duration
are by a factor of 104–105 shorter, and the peak intensities are
by a factor of 102 higher than those attainable currently in con-
ventional RF-driven ion accelerators. Also, peak powers of the
ion pulses are very high and at the distance of 30 µm behind
the target they reach values about 2.5 PW for the C ion beam,
0.5 PW for the Cu beam, and 0.4 PW for the Pb beam.

The angular divergence of the ion beam

Significant inhomogeneity of the charge density distribution in
the ion beam (especially pronounced in the case of the Pb and

Fig. 7. The absolute values of the maximum and mean energy o C, Cu, and Pb ions
(a) and the ion energies per nucleon (b), calculated for the central part of the ion
beam with dC = 6 µm.

Fig. 8. The total number of accelerated C, Cu, and Pb ions and the number of high-
energy (Ei > 1 GeV) ions for the central region of the ion beam with dC = 6 µm (a) and
for the whole beam (b).
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Cu ion beams – Fig. 2) and the complex and non-uniform struc-
ture of the field accelerating ions in the post-RPA stage (Fig. 4)
result in the distribution of ion velocities in the beam, in both
axial and radial directions, also being inhomogeneous, and there-
fore the angular distribution of the beam intensity is fairly com-
plex, with the effective angular divergence of the beam being
significant. This is illustrated in Figure 13, where the angular dis-
tribution of beam intensity in the x–y plane and the effective
(FWHM) angular divergence of the C, Cu, and Pb ion beams is
shown. It can be seen that the angular distribution of the beam
intensity essentially depends on the type of accelerated ions,
and the angular divergence of the light ion beam is half the
value of the angular divergence of medium-heavy and heavy ion
beams. One of the reasons for this is the better uniformity of
the charge density distribution in the light ion beam (Fig. 2). A
relatively large angular divergence of the ion beam and the disper-
sion of the ions velocity cause that the intensity of the beam
decreases quite rapidly with the increase of the distance from
the laser-irradiated target, and achieving a high intensity of the
ion beam is possible only at small (sub-millimetre) distances
from the target. Thus, in ion beam–target interaction experiments
in which a high ion beam intensity is desired, the distance
between the laser-irradiated target and the beam-irradiated target
should be as small as possible.

The influence of radiation losses and other effects on the
parameters of ultra-intense ion beams

Laser-driven ion acceleration at ultra-relativistic laser intensities
can potentially be accompanied by the generation of ultra-
relativistic electrons with the Lorenz factor γ >> 1 (electron

energies of tens of MeV or higher), which can lose part of
their energy due to synchrotron radiation, and these radiation
losses (RL) can influence the ion acceleration process (e.g.
Capdessus and McKenna, 2015; Tamburini et al., 2010). It was
shown, for example in Capdessus and McKenna (2015), that
the RL of ultra-relativistic electrons can significantly affect the
acceleration of protons or deuterons driven by a laser pulse
with an intensity of 1023 W/cm2, and can enhance or reduce
the ion acceleration efficiency in dependence on the target
areal density. However, as it was shown in Tamburini et al.
(2010), the influence of RL on ion beam parameters significantly
depends on the laser beam polarization, and for the circular
polarization this influence can be small, even at very high
laser intensities ∼1024 W/cm2. In general, the influence of RL
on the ion acceleration process depends on both the laser
pulse and target parameters, and can significantly affect this

Fig. 9. The laser-to-ions energy conversion efficiency for all the ions and the high-
energy (Ei > 1 GeV) ions for the central region of the ion beam with dC = 6 µm (a)
and for the whole beam (b).

Fig. 10. The ion fluence and the ion energy fluence for all the ions (a) and the high-
energy ions (b) accelerated in the central region of the C, Cu, and Pb beams.

Fig. 11. The temporal shapes of ion pulses generated from the central region (dC =
6 µm) of the carbon, copper or lead target recorded 30 µm behind the target.
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process only if certain specific laser–target interaction conditions
are met.

In order to check the possible influence of RL on the param-
eters of ultra-intense ion beams considered in this paper, we ana-
lyzed the energy spectra of electrons generated from C, Cu or Pb
targets during the ion acceleration process. Figure 14 presents the
energy spectra of fast electrons generated from the C, Cu, and Pb
targets. In the case of medium-heavy (Cu) and heavy (Pb) targets,
the mean electron energies are relatively small (2.6 MeV and
2.5 MeV, respectively) and the energy stored in ultra-relativistic
electrons (of energy >50 MeV) is below 1% of the total electron
energy. There are two reasons for such a small contribution of
ultra-relativistic electrons in the electron energy balance. The
first reason is the strong coupling of the vast majority of electrons

with ions (Figs 3 and 4), resulting from the high charge state of
Cu and Pb ions (Fig. 1), and the relatively small, non-relativistic
mean velocities of these ions. The second reason is the circular
polarization of the laser beam, which is much less effective in pro-
ducing high-energy electrons than linear polarization (Macchi
et al., 2005; 2013; Zheng et al., 2012). Because the source of RL
is ultra-relativistic electrons, the small total energy stored in
these electrons means that a total energy loss due to synchrotron
radiation is also small, so the effect of RL on parameters of the Cu
and Pb ion beams should be negligible. The electrons generated
from the light (C) target are more energetic than those generated
from the heavier targets – the mean energies of these electrons are
equal to about 12 MeV, and the energy stored in the ultra-
relativistic electrons reaches several per cent of the total electron
energy. Probable reasons for the observed differences between
energies of electrons generated from the light and heavy targets
are the smaller charge state of C ions and their higher velocities.
Thus, in the case of the C target, the RL can be noticeable, and the
effect of RL on the C ion energy spectrum, especially the maxi-
mum energy of C ions, can be noticeable as well. However, the
effect of RL on the most important parameters of ultra-intense
C ion beams, such as the beam intensity and fluence, the ion
pulse duration, the ion bunch density and velocity is expected
to be small, as in the case of Cu and Pb ion beams.

Another possible source of energy loss of accelerated ions,
which was not taken into account in our investigations of ultra-
intense ion beam generation, are hydrocarbon contaminants, usu-
ally occurring on the surfaces of solid targets, especially on metal
targets. The protons from contaminants are accelerated by the
sheath field created by hot electrons and when SA is a dominant
mechanism of ion acceleration, the energy carried by protons can
significantly decrease the laser energy converted to heavier ions.
However, in the cases considered in our paper, most of the energy
is delivered to the ion beam by the RPA mechanism (see the sec-
tion Spatial characteristics of the ion beam and ion acceleration
mechanisms), and especially the parameters of the dense ion
bunch formed by RPA and accelerated along the laser beam
axis are expected to be weakly influenced by proton contaminants.
Since the parameters of this ion bunch determine the most
important parameters of the ultra-intense ion pulse (the ion
pulse fluence, intensity, duration, and mean energy), the effect
of energy losses associated with the existence of contaminants
on the ion pulse parameters is expected to be small. The influence
of these losses on parameters of the heavy (thorium) ion beam
driven by a femtosecond laser pulse with intensity 1023 W/cm2

was checked in (Domański and Badziak, 2018), where the PIC
simulation of heavy ion generation from the 100 nm thorium tar-
get with the proton layer of a thickness of 26.6 nm and a density
equal to 0.1 g/cm3, situated inside the target close to the target
rear surface, was performed. The simulations showed a decrease
in the maximum energy of heavy ions equal to 9%, and a negli-
gible influence of the proton layer on the mean ion energy, inten-
sity, and duration of the heavy ion beam. Since the laser and
target parameters in this simulation were similar to those in our
present work, it is reasonable to believe that the effect of hydro-
carbon contaminants on parameters of ultra-intense ion beams
investigated in this work will be small, at least in the case of Pb
and Cu ion beams.

Therefore, we have reasons to believe that, in the cases consid-
ered in this paper, the impact of both radiation energy losses due
to synchrotron radiation and energy losses resulting from the
presence of hydrocarbon contaminants in the target on ion

Fig. 12. The peak intensity and duration of ion pulses generated from the central
region (dC = 6 µm) of the carbon, copper or lead target recorded 30 µm behind the
target.

Fig. 13. The angular distribution of beam intensity in the x–y plane (a) as well as the
peak intensity and the angular divergence (b) of the C, Cu, and Pb ion beams in this
plane recorded in the maximum of the ion pulse at a distance of 30 µm behind the
target.
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beam parameters of importance for potential applications of
ultra-intense ion beams will be small.

Potential applications of ultra-intense laser-driven ion
beams and research challenges

Ultra-intense ion beams have the potential to be applied in HED
physics, nuclear physics, ICF and, possibly, in other research
fields. A few examples of the potential applications are very briefly
described below.

HED physics

The HED state of matter is usually defined as a state in which the
energy density is >105 J/cm3 or, equivalently, the pressure is >1
Mbar (Drake, 2006). The creation and examination of such
states of matter are desirable for research in materials science,
astrophysics, planetology, and ICF. HED states are routinely
produced by high explosives, pulsed-power (Z-pinch) devices,
high-peak-power lasers and intense particle beams (Drake,
2006; Hoffmann et al., 2009; Sharkov et al., 2016). Particle
beams, and especially ion beams, have a number of advantages
in the creation of HED states, in particular: The possibility of
deep penetration into the target; the ability to create HED states
in practically any dense material; and the relatively good unifor-
mity of the distribution of energy deposited in the material.

The key parameters characterizing an ion beam’s ability to
create HED states are the energy deposited per gram of matter
(Sharkov et al., 2016): Es = (1.6 × 10−19)(dEi/dx)Fi [J/g] and the
deposition power Ps = Es/td, where dEi/dx is the ion stopping
power of the material, Fi is the ion fluence and td is the energy
deposition time. To assess this ability for the ion beams consid-
ered in this paper, let us estimate the values of Es and Ps for the
case of the interaction of the Pb ion beam accelerated by the
multi-PW laser considered in the paper with a carbon target.
For a very rough estimate of these values, we assume that the
stopping power for the laser-driven ions characterized by the
mean ion energy is similar to the stopping power of ions with
the same mean energy produced in a conventional accelerator.
Taking into account the Pb ion beam parameters: The mean
ion energy < Ei > ≈ 40 MeV/nucleon, Fi ≈ 1.2 × 1017 cm−2, τi ≈
60 fs (see Figs 7, 10 and 12), the stopping power for 40-MeV
Pb ions in carbon dEi/dx ≈ 60 MeV/(mg/cm2) (Paul, 2012) and

assuming td ≈ τI, we obtain: Es ≈ 1.2 GJ/g, Ps ≈ 2 × 1022 W/g.
For a comparison, the Es and Ps values predicted for heavy ion
beams produced by very big RF-driven heavy ion accelerators,
such as the Facility for Antiproton and Ion Research (FAIR)
accelerator (being built in GSI, Darmstadt) or the High
Intensity heavy ion Accelerator Facility (HIAF) accelerator
(designed in the Institute of Modern Physics, Lanzhou),
approach ∼0.1 MJ/g and ∼1012 W/g for FAIR and ∼1 MJ/g
and 1013 W/g for HIAF (assuming td ∼ τi ∼ 100 ns), respectively
(Sharkov et al., 2016). Thus, the values Es and Ps estimated for
the heavy ion beam driven by a multi-PW laser are by many
orders of magnitude higher than those achievable for the biggest
RF-driven accelerators. It should be emphasized, however, that
the stopping power values for beams of such high intensities
and densities as demonstrated in our work are, in fact, unknown,
and the collective effects expected at such high ion beam densi-
ties can significantly modify the values predicted by the
Bethe-Bloch equation and used for the above estimates. In addi-
tion to the very high intensities/fluencies and densities of ultra-
intense ion beams driven by a multi-PW laser, an important
parameter determining the interaction of such a beam with mat-
ter is the very short (sub-picosecond) duration of the beam. This
means that the time of depositing energy in the material is much
shorter than the time period in which the material parameters
change due to its hydrodynamic motion and we deal with the
isochoric heating of the material. Such an isochoric regime of
beam–target interaction is hardly achievable with ion beams
produced by RF-driven accelerators due to long (ns or longer)
durations of these beams. Thus, the unique parameters of ultra-
intense laser-driven ion beams make it possible to explore essen-
tially new regimes of ion beam–matter interaction, not attainable
or barely attainable for conventional accelerators.

Nuclear physics

The extremely high intensities and very short durations of ion
beams driven by a multi-PW laser render nuclear physics research
possible with unusual efficiency of the ion beam–target interac-
tion and in principally new time scales. As a result, some
low-cross-section and/or transient nuclear reactions that would
be hardly observable using ion beams produced by a conventional
RF-driven accelerator could be feasible to be investigated.
Examples are the nuclear phenomena planned to be studied

Fig. 14. The energy spectra of electrons generated from the
central region (dC = 6 µm) of the carbon, copper or lead
target.
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within the research programme of the ELI-Nuclear Physics infra-
structure. One of the topics in this program, which is particularly
important for understanding the nature of the creation of heavy
elements in the universe, is to study the production of neutron-
rich heavy nuclei by a reaction mechanism called fission–fusion,
using thorium (Th) ions accelerated by a multi-PW laser
(Negoita et al., 2016). The creation of a sufficiently large, measur-
able amount of the neutron-rich heavy nuclei in this way requires,
however, thorium ion beams with very high ion fluencies Fi and
beam intensities Ii that are unachievable in RF-driven accelerators.
In particular, the ion beam parameters should be as follows: A
mean energy of thorium ions of 1.6 GeV, Fi ∼1018 cm−2, Ii∼
1020 W/cm2 and the total number of thorium ions Ni∼ 1011

(Negoita et al., 2016). Our numerical investigation into the accel-
eration of lead ions presented above (the atomic numbers and
masses of Pb and Th ions are very similar), as well as the studies
presented in (Domański and Badziak, 2018), showed that these
ion beam parameters are within the reach of a laser accelerator
of heavy ions driven by the ELI-NP multi-PW laser.

Inertial confinement fusion

An important potential application of ultra-intense ion beams is
ICF. In the so-called fast ignition (FI) scenario of ICF, a deuterium-
tritium (DT) fuel compressed by high-energy ns laser or X-ray
beams is ignited by an ultra-intense particle (electron or ion)
beam (Fernandez et al., 2014). The FI approach has substantial
advantages over conventional, central-hot-spot ICF, in particular:
Higher energy gain, lower required driver energy, lower susceptibil-
ity to hydrodynamic instabilities and flexibility in using different
compression drivers. In the case of using light or moderate-heavy
ion beams for high-gain DT fusion in the FI approach, the required
parameters of the ion beam are estimated to be as follows (Davis
et al., 2011; Fernandez et al., 2014): The mean ion energy ∼10–
50 MeV/nucleon, the beam intensity ∼1020 W/cm2, the ion pulse
duration ∼ps, and a total beam energy of ∼10–20 kJ. Although
the required beam energy is attainable only using 100 kJ-class
short-pulse laser drivers, the remaining beam parameters are well
within the reach of multi-PW laser drivers such as ELI lasers. As
demonstrated above, the mean ion energies and beam intensities
of the ion beams driven by the multi-PW ELI laser can be signifi-
cantly higher and the beam duration can be much shorter than
required. Moreover, the last two parameters can be simply con-
trolled by changing the distance between the ion source and the
ion beam-irradiated target. Thus, these beams can be quite effec-
tively applied in various areas of fundamental research into the
FI approach to ICF.

Research challenges

Although extremely high intensities/fluencies and very short
durations of multi-PW laser-driven ion beams demonstrated in
our paper promise unique applications of these beams in various
scientific domains, in order to make these applications reality,
other parameters of the beams should be improved and the
beam characteristics must be controlled and matched to the
type of application envisaged.

For the application of ultra-intense laser-driven ion beams in
nuclear physics, the ion energy spectrum width should be
decreased and the ion energies should be controlled and adjusted
to the requirements of a particular experiment. A significant nar-
rowing of the ion energy spectrum (down to just a few percent)

would create a chance to use light ion beams such as the carbon
beam for medical applications, in particular for hadron cancer
therapy. Both for applications in nuclear physics and medicine,
it is desirable that the ion beams are generated with a high repe-
tition rate (several Hz or higher) which is a significant challenge
for multi-PW laser technology. Moreover, since in the above
applications, especially in hadron therapy, the ion beam must
usually be transported over a relatively long distance, the angular
beam divergence should be as small as possible. Applications of
ultra-intense ion beams in HED physics or ICF research do not
require very high ion energies or very narrow ion energy spectra,
and ion energies from several MeV/nucleon to tens of MeV/
nucleon and spectral widths of 10–20% of the mean ion energy
are usually sufficient for these applications. In addition, a high
repetition rate of a laser driver is not necessary in order to per-
form HEDP or ICF experiments. However, for “full-scale” FI
ICF experiments, the required values of ion beam power and
energy are extremely high, attainable only with 100 kJ-class
laser drivers, which will probably not be available in the near
future. Fortunately, as was mentioned previously, fundamental
research in ICF with multi-PW laser-driven ion beams will be
possible with currently built multi-PW lasers.

The majority of applications of laser-driven ion beams require
compact and cost-effective laser accelerators. The size, cost, and
complexity of the accelerator are determined first of all by the
laser driver, in particular by energy of the laser pulse produced
by the driver. The way to minimize this energy without a signifi-
cant reduction in the ion beam parameters is to increase the
laser-to-ions energy conversion efficiency. One of the main chal-
lenges in the study of laser-driven ion acceleration is to increase
this efficiency to a level ensuring compactness and cost of the
accelerator enabling its practical usefulness.

The usefulness of laser-driven ion beams in scientific
research as well as in technology or medicine also depends on
whether at least some parameters of these beams can be
higher/better than or comparable to those achieved in
RF-driven accelerators. It is very likely that, in the foreseeable
future, energies of laser-accelerated ions will still be considerably
lower than the highest energies of ions achieved in large
RF-driven accelerators. Obtaining in laser accelerators very nar-
row ion energy spectra whose spectral widths are comparable to
those achieved in conventional accelerators is also rather
unlikely. On the other hand, as was demonstrated in this
paper, achieving peak ion beam intensities, peak ion current
densities or ion fluencies higher than attainable presently in
the RF-driven accelerators is feasible with currently built
multi-PW lasers, so it is conceivable that it will be experimen-
tally demonstrated over the next few years.

Conclusions

In conclusion, the process of accelerating light (C), medium-
heavy (Cu) and heavy (Pb) ions by a multi-PW laser pulse of
ultra-relativistic intensity to be available at the ELI infrastructure
has been investigated using an advanced PIC code. It has been
found that, regardless of the ion mass, the RPA stage of ion accel-
eration is followed by the SA stage driven by the electric field cre-
ated by fast electrons moving far away from the ions. However,
the majority of the energy carried by the most energetic and
intense (central) part of the beam comes from the RPA stage
and is concentrated in a fairly compact and dense ion bunch.
In the case of light ions, only one ion specie with the highest
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possible charge state is actually produced and accelerated, while in
the case of heavier ions, many highly charged ion species are
accelerated, while the ionization level distribution in the ion
beam is strongly inhomogeneous and changes over time. This
fairly complex, hybrid mechanism of ion acceleration at ultra-
relativistic laser intensities leads to the production of a high-
energy (multi-GeV) ion beam with a broad energy spectrum.
Both the mean and the maximum ion energies in the beam, as
well as the ion beam duration, grow with the increase of the ion
mass, while the ion energies per nucleon, the ion beam intensities,
and the ion fluencies decrease with increasing ion mass.

It has been shown that a 220-J, 30-fs laser pulse with an
intensity of 1023 W/cm2 irradiating a 0.1-μm solid target made
of C, Cu or Pb is capable of producing, with a high (>10%)
laser-to-ions energy conversion efficiency, multi-GeV ion
beams with a petawatt peak power, ion fluence ∼1017–
1018 ions/cm2, peak intensity ∼1021–1022 W/cm2, and time
duration ∼10–100 fs. The demonstrated beam intensities are
higher by a factor of ∼102, and ion pulse durations are shorter
by a factor of ∼104–105 than those attainable currently in the
largest RF-driven accelerators.

The unique properties of ion beams driven by a multi-PW
laser pulse of ultra-relativistic intensity, in particular very high
intensities/fluencies and very short duration of the beams, create
the prospect of a variety of applications of these beams in HED
physics, ICF, new areas of nuclear physics, and perhaps in other
domains. However, to make this prospect a reality, considerable
progress in understanding and controlling the mechanisms of
ion acceleration at ultra-high laser intensities as well as in the
technology of short-pulse laser drivers is necessary.
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