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High-energy heavy ion beams produced by conventional RF-driven accelerators are a basic research
tool in nuclear and particle physics but they also find applications in other domains such as high
energy-density physics or materials science. 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. However, for achieving GeV or multi-GeV ion energies, multi-PW laser drivers and ultra-
relativistic laser beam intensities (≥ 1023 W/cm2) are required. Such multi-PW lasers are currently
being built, in particular in Europe, as part of the Extreme Light Infrastructure project. In this paper,
the results of numerical studies on the acceleration of heavy ions from a gold sub-micrometer target
irradiated by a 30-fs, multi-PW laser pulse of ultra-relativistic intensity (≈ 1023 W/cm2) and with
linear or circular polarization are reported. The numerical simulations were performed using advanced,
multi-dimensional (2D3V) particle-in-cell code PICDOM which includes, in particular, the dynamic
ionization of the target and the accelerated ions as well as radiation losses due to synchrotron radiation
emitted by ultra-relativistic electrons. It was found that the effect of radiation losses on the ion beam
parameters is stronger for the linear polarization laser beam and radiation losses influences first of all
the maximum ion energy. However, the effect of radiation losses on the mean ion energy, ion beam
fluence and intensity and the ion pulse shape is insignificant, below 1–2%, both for the circular or linear
polarization beam. For both beam polarizations, the multi-PW laser pulse generates an ultra-intense
multi-GeV gold ion beam of intensities (> 1020 W/cm2) and durations (< 100 fs) which are presently
unattainable in RF-driven accelerators.
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1. Introduction

High energy heavy ion beams are a basic research
tool in nuclear and particle physics. They also
find applications in other domains, such as high
energy density physics or materials science. Such
ion beams are usually produced by conventional
radio frequency (RF)-driven accelerators but can
also be generated by laser-driven accelerators [1–3].
RF-driven accelerators can generate ion beams with
high (∼ GeV) and ultra-high (∼ TeV) energies and
extremely narrow energy spectra; however, they are
quite complex and large devices. Laser-driven ac-
celerators are much more compact facilities and are
able to produce short (picosecond) ion beams of
high intensity/current density, unattainable in con-
ventional RF accelerators. Unfortunately, the en-
ergy spectra of ion beams produced by such accel-
erators are typically wide. Moreover, to produce
in these accelerators ion beams with the GeV or
multi-GeV ion energies desired in numerous applica-
tions [1–5], multi-PW short-pulse laser drivers and
ultra-relativistic laser intensities (≈ 1023 W/cm2 or
higher) are required [6–12].

Laser facilities of such parameters are currently
being built as part of the pan-European Extreme
Light Infrastructure (ELI) project [5]. In March
2019, the ELI-Nuclear Physics laboratory launched
a 10 PW laser, the most powerful laser ever built
in the world, and preliminary experiments on laser-
driven ion acceleration with the use of this laser will
be started soon.

At present, the acceleration of heavy ions at
ultra-relativistic laser intensities is a poorly ex-
plored research field [11–15] and a thorough un-
derstanding of the acceleration process and prop-
erties of the ion beams produced requires exten-
sive and detailed studies, both experimental and
numerical ones. This paper presents the results
of a numerical investigation of the acceleration of
heavy (Au) ions from a thin 100 nm gold tar-
get irradiated by a circularly (CP) or linearly
(LP)polarized 30 fs multi-PW laser pulse with ultra-
relativistic intensity of 1023 W/cm2 and the focal
spot diameter equal to 3 µm. The parameters
of the laser pulse correspond to the predicted pa-
rameters of the ELI-NP laser [5, 16]. The den-
sity of the target corresponded to the density of
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the solid state, set at 5.9× 1022 atoms/cm3. A pre-
plasma layer of the shape described by the expo-
nential function and thickness equal to 20 nm was
placed at the front of the target. It is assumed that
the contrast ratio of the laser pulse is high enough
not to destroy the target by the laser pre-pulse.
This assumption is based on experiments, such
as the one presented in [17], where targets of
similar or even smaller thicknesses were used.
The simulations were performed using multi-
dimensional (2D3V) particle-in-cell PICDOM code
which includes the ionisation process of gold atoms
and radiation losses due to synchrotron radiation
emitted by ultra-relativistic electrons. In the second
section of this paper, the structure of the PICDOM
code is described while the third section presents
the results of the performed simulations and their
discussion.

2. The PICDOM code

In the particle-in-cell codes, the plasma is de-
scribed by the electrons and ions moving in the elec-
tromagnetic field generated by their own charges
and the laser beam. The amount of real particles
in the system is typically huge. For this reason,
the amount of particles in the simulations is reduced
and each macroparticle (present in simulations) rep-
resents many real particles.

In the PICDOM code, similarly to other PIC
codes, the electromagnetic fields are calculated on
a network of discrete Eulerian points (forming cells).
Based on Maxwell’s equations and assuming that
the calculating space overlaps with the x–y sur-
face, we can write equations for the perpendicular
z-component of electric and magnetic fields
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where jx, jy, and jz are the components of the cur-
rent. The x and y components of the electric and
magnetic field are connected with the z component
in the following way:
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After discretisation, these equations were imple-
mented in the code.

Macroparticles are tracked in a continuous x–y
space. Despite the fact that the macroparticles can
move in the 2D space, all three components of their
velocities are calculated. The motion of the ion
macroparticles in the electromagnetic field is de-
scribed by

dpi
dt

= fL = q (E + v ×B) , (3)

where pi is the particle momentum and fL is
the Lorentz force. The local electric E and mag-
netic B fields interacting with macroparticles are
calculated as the weighted average from the value
corresponding to the cells occupied by the particles.
To take into account the radiation losses (the radi-
ation reaction force) in case of electron macroparti-
cles, the Sokolov model is used [18, 19]:

∂pe
∂t

= fL − ec(δβe ×B)− γ2 (fL · δβe)βe, (4)
where γ is the relativistic factor, βe = v/c is the di-
mensionless particle velocity and δβe is defined ac-
cordingly:
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where τr = e2/
(
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3
)

is the characteristic
time of radiation emission, me is the electron mass
and e is the elementary charge. The implementation
of the equation of motion is done with the help of
the two-step rotation method presented by Bridsall
and Langdon [20], expanded by a special correction
for radiation losses.

The interaction between particles and electro-
magnetic fields may result in the ionisation ef-
fect. This effect is described using the Ammosov–
Delone–Krainov formula [14, 21]:
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where ωα = 4.13 × 10−16 s−1 is the atomic unit
frequency, UH = 1312 kJ/mol is the ionisation po-
tential of a hydrogen atom, EH = 5.14× 1011 V/m
is the corresponding electric field, n∗ = ζ

√
UH/Ui

is the effective principal quantum number, Ui is
the ionization potential, ζ is the final charge state,
and E is the local electric field. Then, the proba-
bility of ionisation is expressed by

P = 1− e−W∆t. (7)
Details of the implementation and incorporation
of (7) in the code are described in [22]. This
formula is correct when the Keldysh parameter is
smaller than one and ionisation energy is smaller
than the electron rest energy. These conditions are
met for the investigated range of the laser pulse in-
tensity [23, 24].

The last step necessary to close the loop is to cal-
culate the current density used to establish the new
value of the electric and magnetic field. For this
purpose, the modified version of the procedure pro-
posed by Villasenor and Buneman was used [25].
In our code, the charge flows through the bound-
aries of additional shifted network cells are calcu-
lated. Owing to that, the current component vec-
tors are parallel to the boundaries of the cells of
the original network. Additionally, the procedure
for the current density z-component calculation was
added. These changes enabled us to calculate all
electric and magnetic field vectors in one point in
the centre of the cell.
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3. Results and discussion

The 2D spatial distributions of ion density (a, d),
electron density (b, e) and ionisation level (c, f) for
linear (LP, a, b, c) and circular (CP, d, e, f) polarisa-
tion of the laser pulse at the early t = 30 fs and late
t = 100 fs stage of acceleration are shown in Figs. 1
and 2, respectively. The results are quite similar for
two types of investigated polarisation, both at the
early and late stage of acceleration. The biggest dif-
ference is a higher amount of hot electrons moving
far away from the ions for LP in the early stage of
acceleration (Fig. 1b). It is worth noting that for
all cases the majority of the electrons co-moves with

the ions and the ions of the highest ionisation level
are situated in the centre of the target, the region
of direct laser interaction. During the interaction of
an ultra-intense laser beam with a solid target, the
target atoms are ionised by the strong electric field
of the laser beam. After the plasma has been pro-
duced, the created ions are additionally ionised 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 electrons
surrounding the ions. These fields are strongest in
the centre, where the amount of hot electrons is the
highest. For this reason, the highest ionisation level
in the centre of the target is fully understandable.

Fig. 1. The 2D spatial distributions of ion density (a, d), electron density (b, e) and ionisation level (c, f) for
linear (LP, a, b, c) and circular (CP, d, e, f) laser polarisation at the early (t = 30 fs) stage of ion acceleration.

Fig. 2. The 2D spatial distributions of ion density (a, d), electron density (b, e) and ionisation level (c, f) for
linear (LP, a, b, c) and circular (CP, d, e, f) polarisation at the late (t = 100 fs) stage of ion acceleration.
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Fig. 3. The spatial profiles of the ion density, the electron density and the electric field accelerating ions Ex,
along the laser beam axis, for linear and circular polarisation at the two stages of ion acceleration.

In order to better understand the ion acceleration
process, the spatial profiles of the ion density, elec-
tron density and electric field accelerating ions Ex,
along the laser beam axis, for linear and circular
polarisation at two stages of ion acceleration are
presented (Fig. 3). At the early stage of accelera-
tion, during direct interaction of the laser pulse with
the target, it is visible that ions from the front side
of the target are accelerated by the laser pulse radi-
ation pressure (the radiation pressure acceleration
(RPA) mechanism [1–3, 26]) while the ions from
the rear side are accelerated by the target normal
sheath acceleration (TNSA) mechanism [1–3, 27]
connected with the electric field generated by hot
electrons. A significant difference in the strength
of the TNSA field for two types of the investigated
polarisation is visible. This difference is connected
with the amount of hot electrons. At the late stage
of acceleration, after the end of direct interaction
between the laser pulse and the target, the acceler-
ating fields are much weaker but the sheath accel-
eration of the ions from the rear side of the beam is
still noticeable. The efficiency of this acceleration
is quite similar for CP and LP.

In Fig. 4, the ionisation spectra of ions produced
from the gold target irradiated by a linearly and cir-
cularly polarised laser pulse at the late stage of ac-
celeration are presented. Only small differences be-
tween the two types of laser polarisation are visible.
The peaks visible on the spectra correspond to gold
ionisation energy gaps [23]. It is worth noting that
the Au69+ ions dominate in the centre of the tar-
get (see Fig. 1c,f and Fig. 2c,f) and the majority of
the ion beam energy is stored in the Au69+ ions.

Fig. 4. The ionisation spectra of ions produced
from the gold target irradiated by a linearly or cir-
cularly polarised laser pulse at the late stage of ion
acceleration.

The ion energy spectra for linear and circular po-
larisation of the laser pulse at the end of the ac-
celeration process are presented in Fig. 5. Both
for LP and CP, the energy spectra are wide and
quasi-Maxwellian. The main differences between
the spectra are observed in the long high energy tail.
The maximum energy of ions is higher for the cir-
cular polarisation and reaches around 40 GeV.
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Fig. 5. The ion energy spectra for linear and cir-
cular polarisation of the laser pulse at the end of
the acceleration process.

Fig. 6. Temporal distributions of ion beam inten-
sity recorded 10 µm behind the target and averaged
over the y range equal to 20 µm.

It is worth to mention that the energy conversion
from the laser beam to the accelerated ions is equal
to 23.2% for CP and 20.7% for LP.

Important parameters of ultra-intense ion beams
are the beam peak intensity Ii, ion pulse duration
τi and shape as well as the collimation of the beam.
In Fig. 6, the temporal distributions of ion beam
intensity, recorded 10 µm behind the target and av-
eraged over the y range equal to 20 µm, are pre-
sented. For linear polarisation, shorter and more
intense ion beams are observed, despite the fact
that the highest energy of ions is observed for CP.
It is particularly interesting that for both beam
polarisations, the multi-PW laser pulse generates
ultra-intense multi-GeV gold ion beams of inten-
sities (> 1021 W/cm2) and durations (< 100 fs)
which are presently unattainable in RF-driven ac-
celerators. The ion pulse is about twice as long
as the laser pulse due to the ion velocity dispersion.
Additionally, as a result of the action of radial forces
accelerating ions, the ion beam is much wider than
the laser beam.

In Fig. 7, the angular distributions of ion beam
intensity for linear (a) and circular (b) polarisation
of laser pulse and three time steps, recorded 10 µm
behind the target, are presented. Lower angular di-
vergences are observed for the ion beam produced

Fig. 7. Angular distributions of ion beam intensity
for linear (a) and circular (b) polarisation of laser
pulse recorded 10 µm behind the target at three
different times.

by the linearly polarised laser pulse. To conclude,
for the linear polarisation of the laser, shorter and
more intense ion beams of the lower angular diver-
gence are produced. However, the differences in
the parameters of the ion beam for linear and cir-
cular polarization are not so pronounced.

During the process of ion acceleration at ultra-
relativistic laser intensity, ultra-relativistic elec-
trons with the Lorenz factor γ � 1 can be pro-
duced. Such electrons can lose part of their en-
ergy due to synchrotron radiation. These radia-
tion losses (RL) can influence the ion acceleration
process [6, 8]. It was shown that RL can signifi-
cantly influence the acceleration process of protons
and deuterons by the ultra-relativistic laser [8]. For
this reason, it is also important to study the influ-
ence of RL on the process of heavy ion acceleration.
The radiation power density for linear (a, b, c) and
circular (d, e, f) polarisation at three stages of ac-
celeration: t = 20 fs (a, d), t = 40 fs (b, e) and
t = 70 fs (c, f) is presented in Fig. 8. Radiation
losses reach the maximum close to the end of direct
laser target interactions and then start to dramat-
ically decrease with time both for linear and cir-
cular polarisation of the laser pulse. Furthermore,
the highest energy losses due to synchrotron radia-
tion occur on the front of the ion beam, in the area
of direct interaction between the laser and plasma.

The temporal distribution of the total radiation
power for both types of laser polarisation is pre-
sented in Fig. 9. During direct interaction between
the laser and target, the radiation losses are much
higher for the LP laser beam. The radiation pres-
sure acting on the target changes without oscilla-
tions for CP while it oscillates between zero and
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Fig. 8. The radiation power density for linear (a, b, c) and circular (d, e, f) laser polarisation at the three
stages of acceleration: t =20 fs (a, d), t = 40 fs (b, e) and t = 70 fs (c, f).

Fig. 9. Temporal distribution of the total radia-
tion power for both types of laser polarisation.

TABLE I

The mean and maximum ion energies with and
without radiation losses for two types of laser
polarisations.

With RL Without RL
linear
polarization

mean energy [GeV] 1.645 1.664
max. energy [GeV] 35.137 39.798

circular
polarization

mean energy [GeV] 1.806 1.823
max. energy [GeV] 41.59 43.564

the maximum value for LP. This effect leads to a dif-
ference in RL. During the late stage of acceleration,
the RL are higher for CP which is caused by a higher
amount of high energy electrons for circular polari-
sation. Despite this, finally it was found that the ef-
fect of RL on the ion beam parameter is stronger
for the LP laser beams. However, the amount of
energy transferred to the synchrotron radiation is
lower than 1% of the total laser pulse energy and
equal to 0.786% for LP and 0.702% for CP. To define
the influence of RL on the parameters of the pro-
duced ion beams, additional simulations in which

the radiation losses were not taken into account
were made. The mean and maximum ion ener-
gies with and without the inclusion of the radia-
tion losses for two types of laser polarizations are
presented in Table I. The effect of RL is noticeable
only for the maximum ion energies. The influence
of RL on the mean ion energy, ion beam fluence and
intensity as well as on the ion pulse shape is small
and does not exceed 1–2% both for LP and CP.

4. Conclusions

The process of heavy (gold) ion acceleration by
a multi-PW laser pulse of ultra-relativistic inten-
sity ≈ 1023 W/cm2 to be available at the ELI in-
frastructure has been studied using a 2D3V PIC
code. The hybrid ion acceleration process com-
posed of the RPA stage followed by the sheath ac-
celeration stage, driven by the electric field created
by fast electrons moving far away from the ions,
was demonstrated and discussed. The influence
of the laser pulse polarisation on the ion accel-
eration process and parameters of the heavy ion
beam produced by an ultra-relativistic laser pulse
was shown. It was found that both the mean and
maximum ion energies are higher for the circular
polarisation (equal to 1.8 GeV and 42 GeV, respec-
tively) while shorter and more intense ion beam of
lower angular divergence is produced by the lin-
early polarised laser pulse. However, the differ-
ences in the ion beam parameters for linear and
circular polarisation are not very large. For both
polarisations, the multi-PW laser pulse generates
an ultra-intense multi-GeV gold ion beam of inten-
sities (> 1021 W/cm2) and durations (< 100 fs)
which are presently unattainable in RF-driven ac-
celerators. Finally, it was found that the influence
of radiation losses due to synchrotron radiation on
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the process of ion acceleration is stronger for the lin-
ear polarisation of laser pulse and RL influences pri-
marily the maximum ion energies. The effect of RL
on the mean ion energy, ion beam fluence, inten-
sity and ion pulse shape is small and does not ex-
ceed 1–2%. Both for CP and LP, the amount of
energy transferred to the synchrotron radiation is
lower than 1% of the total laser pulse energy.
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