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Abstract: Laser-driven ion acceleration is a new, rapidly developing field of research and

one of the important applications of ultrafast high-peak-power lasers. In this acceleration

method, extremely strong electric fields, induced by an ultrafast laser in the plasma gener-

ated by the laser–target interaction, enable the acceleration of ions to relativistic velocities

on picosecond time scales and at sub-millimetre distances. This opens the prospect of

constructing a fundamentally new type of high-energy ion accelerator—less complex, more

compact, and cheaper than the ion accelerators operating today. This paper briefly discusses

the basic mechanisms of heavy ion acceleration driven by an ultrafast high-peak-power

laser and summarises the advances in experimental and numerical studies of laser-driven

heavy ion acceleration. The main challenges facing this research and the prospects for the

application of laser-accelerated heavy ion beams are outlined.

Keywords: laser-driven ion accelerators; heavy ions; ultrafast lasers; high-peak-power

lasers; laser–plasma interaction

1. Introduction

High-energy heavy ion beams are widely used in nuclear and particle physics. Studies

of collisions of heavy ions with very high energies (hundreds of GeV and higher) allow

us to understand the structure of matter at its most elementary level, to study the nature

of the forces that bind quarks in hadrons or the structure of particles such as protons and

neutrons. They also allow us to look back into the past, to the times before the creation

of hadrons, and to study the early evolution of the universe. Heavy ion beams are also

increasingly used in other fields of research, such as high energy-density physics (HEDPs),

inertial confinement fusion (ICF) or materials science. The basic source of high-energy

heavy ions are conventional RF-driven accelerators. Due to the relatively low strengths of

the accelerating fields in these accelerators (below ~1 MV/cm), acceleration of ions to high

energies requires very long acceleration paths, which, combined with other limitations

in the design of these accelerators, causes RF-driven accelerators to be very large (up to

hundreds of meters in size), complex, and expensive devices.

One of the potential alternatives, or at least a significant supplement to conventional

ion accelerators, are ion accelerators driven by a laser (e.g., [1–4]). The main components

of this accelerator are a high-peak-power laser and a target (solid, liquid or gas) placed in

a vacuum chamber. When the laser beam intensity is high enough, the interaction of the

beam with the target leads to the creation of plasma, i.e., a state of matter comprising free

electrons and ions. As a result of the action of the laser field on electrons and ions in the

plasma, due to the significant difference in the masses of these particles, a separation of

some (usually most) electrons from ions occurs. Between the layer of the electrons and the
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ions, a very strong quasi-static electric field is created which pulls the ions following the

moving electron layer accelerated by the laser field force. The strength of this quasi-static

electric field depends on the intensity of the laser beam and can reach values from GV/cm

to TV/cm, i.e., values many orders of magnitude higher than those achieved by accelerating

fields in conventional accelerators. As a result, ions can be accelerated to high energies over

sub-mm distances and in picosecond time periods, i.e., over distances and time periods

at least several orders of magnitude shorter than in the case of conventional accelerators

(for details see Section 2). Thus, the laser-driven accelerator can be a much smaller, less

complex, and much cheaper device than the conventional one.

In addition to smaller dimensions, future laser-driven accelerators may have a number

of other properties unavailable to conventional accelerators. The most important of them

include many orders of magnitude higher ion beam densities, fluences and intensities and

very short ion pulse durations (down to picoseconds or even femtoseconds) (e.g., [4,5]).

In the light of current knowledge, it can be assumed that a significant disadvantage of

laser-driven accelerators in comparison to RF-driven ones will be a wider energy spectrum

of the produced ion beams, lower energy efficiency of the accelerator as a whole (taking

into account the energy efficiency of the laser driver) and a lower accelerator repetition

rate. It is also possible to suppose that achieving multi-TeV ion energies, currently available

in the largest conventional accelerators (e.g., in the LHC accelerator at CERN), will be

extremely difficult in the case of laser accelerators.

The above-mentioned features of laser-driven accelerators apply to both light ions

(protons, Li ions, C ions, etc.) and heavy ions (Cu, Ag, Au, Pb ions, etc.). However,

the requirements for the laser driver ensuring that the ion beam achieves practically

useful parameters are usually different for light and heavy ions, and concern primarily

the intensity and energy of the laser beam driving ions. In the case of light ions, laser

intensities (IL) below 1012 W/cm2 and sub-joule laser energies (EL), easily achievable by

commercially available long-pulse (nano- or sub-nanosecond) lasers, enable obtaining light

ion energies of the order of multi-keV/u, which can be useful in some applications. These

low requirements meant that the first effects of ion acceleration in laser-generated plasma

were observed already in the sixties of the last century [6]. With the increasing ion mass

(atomic mass number A of the ion), the requirements for laser beam intensity and energy

increase. For example, the effective acceleration of ions with A ~ 100–200 to energy ~

multi-keV/u usually requires an intensity of ~1013–1014 W/cm2 and an energy (EL) of ~1 J

of a long laser pulse, while the production of heavy, multi-charged multi-MeV ions requires

IL ~ 1015–1016 W/cm2 and EL ~ 100 J or higher (e.g., [7]). In the case of ultrafast lasers,

i.e., lasers generating pico- or femtosecond pulses, obtaining ion energies similar to those

achieved with a long-pulse laser requires higher laser intensities but is usually possible at

much lower laser energies (see Sections 2 and 3).

Long-pulse lasers with parameters enabling heavy ion acceleration to multi-MeV

energies were already available in the 1980s, but intensive development of research on

heavy ion acceleration using such lasers took place mainly in the years 1990–2010. A

summary of the most important results from that period can be found, for example, in [7–9].

However, heavy ion beams generated by long-pulse lasers have a number of disadvantages

that make their practical use difficult. These include, in particular, a wide quasi-Maxwellian

energy spectrum, large angular divergence, rather inhomogeneous spatial structure and

a complex and poorly controllable ionisation spectrum containing a large number of ion

charge states. Moreover, due to the long-pulse duration and relatively large focal spot of

the laser beam (typically, of the order of 100 µm), achieving laser intensities of ~1015–1016

W/cm2 requires high laser energies in the sub-kilojoule range or higher. At the current

level of laser technology, laser systems providing such energies can operate with a very
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low repetition rate (usually no more than one shot every few minutes), which greatly limits

the range of possible applications of ion beams generated by such lasers.

Considering the limitations of long-pulse lasers (in particular, the limitation of the

maximum achievable laser intensity to about 1017 W/cm2) as well as the disadvantages

of ion beams produced using these lasers, a real breakthrough in research on laser-driven

ion acceleration was the use—at the turn of the last and present century—of high-peak-

power ultrafast lasers for these researches (see e.g., [1–4] and the references therein). These

lasers have the ability to achieve laser intensities several orders of magnitude higher than

achievable in long-pulse lasers at comparable laser pulse energies. They make it possible

to achieve not only much higher ion energies, but also to produce ion beams with much

better quality than in the case of using a long-pulse laser as an ion driver.

In the last two decades, the development of ultrafast high-peak-power laser technology

has been impressive and has resulted in the growth of the energy of these lasers from sub-J

to over 100 J, peak power from multi-TW to several PW [10,11], and laser intensity from

1018–1019 W/cm2 to 1022–1023 W/cm2 [12,13]. This has allowed the increase in the energy

of laser-driven heavy ions from the multi-MeV range to the GeV range (see Section 3). The

increase in the peak power of the laser pulse to the level of ~100 PW and laser intensity

to ~1024 W/cm2, expected in the currently designed ultrafast lasers [10,14–16], would

open the way to the production of heavy ions with energies in the sub-TeV and perhaps

TeV range, i.e., with energies comparable to those achieved in the largest conventional

heavy ion accelerators currently in operation. Achieving such ion energies in a high-quality

laser-generated ion beam, combined with the other unique features of this beam mentioned

earlier, would open up the prospect of exploring new research areas in nuclear physics and

HEDP, and perhaps in other fields as well.

This paper briefly discusses basic mechanisms of laser-driven ion acceleration and

summarises the advances in research on heavy ion acceleration driven by ultrafast high-

peak-power lasers. Also, it outlines the main challenges facing this research and some

potential applications of heavy ion beams produced in laser-driven accelerators. In Sec-

tion 2, the basic mechanisms of laser-driven ion acceleration, including the mechanisms

dominating heavy ion acceleration, are discussed. Section 3 briefly summarises the most

important results of laser-driven heavy ion acceleration studies conducted in the last two

decades at moderate (below 1019 W/cm2) and high (up to 1022 W/cm2) ultrafast laser beam

intensities. Section 4 presents selected results of numerical studies of heavy ion acceleration

at ultra-high intensities of ~1023 W/cm2 expected to be achieved in currently operating

and emerging multi-PW lasers. Section 5 outlines the main challenges facing research

on laser-driven heavy ion acceleration, while Section 6 highlights the prospects for some

applications of laser-accelerated heavy ion beams.

2. Basic Mechanisms of Laser-Driven Acceleration of Ions

As mentioned in Introduction, the interaction of an intense laser beam with a target

(solid, liquid or gas) results in the creation of a plasma, i.e., a medium composed of electrons

and ions. In this plasma, electromagnetic (EM) and hydrodynamic (thermal) forces are

induced, which stimulate the movement of electrons and ions.

In the case of relatively low laser intensities (~1010–1015 W/cm2) and long laser

pulses (from tens of ps to tens of ns), the vast majority of plasma ions are accelerated

by hydrodynamic forces (thermal pressure of the plasma medium). The ion velocity is

relatively small (~106–108 cm/s), but the number of accelerated ions in the case of dense

targets (solid or liquid) can be very large. As a result, the energies of generated ion streams

(actually plasma streams, as ions move together with the electron cloud) can constitute from

several to several dozen percent of the laser energy. Such ion/plasma streams ablating from
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the target surface towards the laser (backwards) can, in particular, accelerate the remaining

part of the target in the forward direction (due to the recoil force) and play a fundamental

role in hydrodynamic macroparticle accelerators [17–22], and in inertial nuclear fusion

where they are used to accelerate and compress fusion targets containing nuclear fuel

(DT or other) [23–25]. It should be added, however, that in the plasma generated by long

laser pulses, in which the motion of the bulk of ions is determined by hydrodynamic

forces, there are also strong EM fields that can accelerate ions to speeds much higher than

those achieved due to the hydrodynamic motion. These fields arise as a result of the non-

uniform distribution of electron density and temperature in the plasma and can produce

“supra-thermal” (fast) ions with multi-MeV energies [7–9]. The number of these ions is

usually 2–3 orders of magnitude smaller than the number of “thermal” ions accelerated by

hydrodynamic forces and, as a result, the total energy of the fast ion stream is usually a

small fraction of the energy of the “thermal” ion stream.

In the case of laser intensities >1016 W/cm2, the motion of electrons and ions in the

laser-generated plasma is determined by EM forces. At laser intensities >1018 W/cm2, the

electrons are accelerated by these forces to speeds close to the speed of light c; hence, such

intensities are usually called relativistic intensities. The strength of electric fields induced in

plasma at relativistic laser intensities can reach enormous values (from GV/cm to TV/cm)

and, as a result, these fields can accelerate ions to high velocities vi, including relativistic

ones (vi ≈ c), over sub-mm distances. Relativistic laser intensities are now commonly pro-

duced by focused beams of high-power ultrafast lasers generating femto- and picosecond

pulses, and experimentally demonstrated laser intensities reach 1023 W/cm2 [13]. It is pre-

dicted that in currently constructed or designed multi-PW ultrafast lasers, the power of the

femtosecond laser pulse will reach 10–100 PW, and the laser intensity in the focused beam

will be close to 1024–1025 W/cm2 [10,14–16]. At such laser intensities, it seems possible

to accelerate ions to energies of ~TeV, comparable to the energies of ions produced in the

largest conventional RF-driven accelerators.

At relativistic laser intensities, the main source of EM forces accelerating ions in the

plasma is the Lorenz force F = q E + q (v × B), where q is the charge of the accelerated

particle, v is the particle velocity, and E and B are the electric and magnetic parts of the

laser field in the plasma. This force interacts with both plasma electrons and plasma ions.

However, due to the large mass of the ion, at laser intensities <1024 W/cm2, the motion of

ions due to the direct action of the Lorenz force can usually be neglected and, in practice,

only electrons are set in motion by this force. The electrons are pushed away from the ions

(from the equilibrium position) by the force, which results in creating a very strong electric

field between the ions and the moving electron cloud. This electric field accelerates the

ions, which usually move together with the electron cloud. Since the electric field strength

is extremely high, ions can reach high velocities and energies over very short distances

(from tens to hundreds of micrometres) and in very short periods of time (from tens of fs

to several ps). The detailed mechanism of ion acceleration is determined by the physical

conditions of laser–target interaction and depends on both the laser pulse parameters

and the target parameters. In the last more than twenty years of research on ion acceler-

ation driven by a short laser pulse of relativistic intensity, several effective acceleration

mechanisms have been proposed and investigated. These include target normal shield

acceleration (TNSA) [1–4,26–35], radiation pressure acceleration (RPA) [1–4,36–45], skin

layer ponderomotive acceleration (SLPA) [7,46–48], collisionless electrostatic shock acceler-

ation (CESA) [1–4,49,50], Coulomb explosion acceleration (CEA) [1–4,51–55], laser after-

burner acceleration (BOA, sometimes called relativistic induced transparency acceleration—

RITA) [1–4,56–59], magnetic vortex acceleration (MVA) [60,61], and solitary ion wave

acceleration (ISWA) [62,63]. The actual ion acceleration process usually includes two
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or more of the mechanisms indicated above and the final parameters of the generated

ion beam are the result of the contribution of each of the mechanisms participating in

this process.

The acceleration mechanisms listed above basically enable the acceleration of ions with

very different atomic mass numbers, A, starting from protons and ending with super-heavy

ions with mass numbers A ≥ 200. The effectiveness of the mechanism strongly depends on

the mass of the accelerated ion and the laser parameters, in particular, the laser intensity

and the energy fluence of the laser beam. Particularly large differences, both in terms of the

effectiveness of the individual acceleration mechanisms listed above and the required laser

parameters, occur between the acceleration of protons and light ions and the acceleration

of heavy ions, by which we will understand here ions with mass numbers A >> 10 (e.g.,

A > 50). The main reasons for these differences are as follows: (1) Heavy ions are usually

not fully ionised and the ion beam contains multiple ion species with different charge

states Z which are simultaneously accelerated by electric fields induced in the plasma.

(2) The ratio of the charge q to the mass m of the ion s = q/m = Z/A is much lower than for

protons or light ions, which significantly reduces the ion acceleration efficiency. (3) Efficient

acceleration of heavy ions to high speeds (sub-relativistic or relativistic) is only possible at

very high laser intensities (IL ~ 1022–1023 W/cm2 or higher); at such high intensities the

average charge state Zmean of the ions in the beam is high (Zmean >> 10), which causes the

Coulomb explosion of the ions in the beam to have a significant effect on the ion acceleration

process. (4) Because Zmean >> 10, the electron density of the plasma in which the ions

are accelerated is much higher than in the case of light ions or protons, which affects the

plasma properties. (5) The large masses and energies of heavy ions cause the influence of

the electromagnetic field occurring in the acceleration zone and outside this zone on the

ion motion to be smaller than in the case of light ions and protons. The above differences

between the acceleration of heavy and light ions increase with the increase in the ion mass

and are particularly evident in the case of acceleration of super-heavy ions.

Recent studies on laser-driven heavy ion acceleration have shown [5,64,65] that to

achieve high heavy ion energies (multi-GeV and higher) desired in numerous applications

of heavy ion beams (e.g., in nuclear physics, high energy-density physics or inertial confine-

ment nuclear fusion), very high laser intensities (so-called ultra-relativistic or ultra-high

intensities) reaching values of ~1023 W/cm2 or even higher are necessary. Such high inten-

sities are also desirable due to the need to obtain high charge states Z of the ion (due to field

ionisation of the atom/ion) and thus a high value of the Z/A ratio necessary for achieving

high acceleration efficiency [64,65]. At ultra-relativistic laser intensities, the dominant mech-

anism of heavy ion acceleration is usually the RPA mechanism [5,64–66]. This mechanism is

a fundamental factor enabling the transformation of laser energy into ion energy and to the

greatest extent determines the energy of the vast majority of ions in the generated ion beam.

However, the RPA mechanism ends with the termination of the laser pulse irradiating the

ion target. After the termination of the laser pulse, the acceleration process is continued

by the TNSA mechanism, in which the source of the electric field accelerating the ions is

the sheath of high-energy (supra-thermal) electrons produced in laser–plasma interactions.

Additionally, since the Coulomb forces acting between highly ionised heavy ions are not

fully compensated by the cloud of electrons surrounding the ions, the ions are accelerated

by the CEA mechanism. The CEA mechanism becomes important when the ionisation level

Z of ions is sufficiently high, which usually occurs already in the initial stage of laser–target

interaction. This mechanism therefore operates both in the RPA and TNSA acceleration

stages. Moreover, if the laser pulse of relativistic intensity is sufficiently long (or the target

is sufficiently thin), the RPA acceleration stage can be followed by ion acceleration in the

RITA regime. Thus, various acceleration mechanisms can participate in the heavy ion
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acceleration process and their contribution to and importance in this process depend on

the laser and target parameters. For the set of parameters that are achievable currently

or in the near future and that potentially enable achieving heavy ion beam parameters

useful for applications, the most important of these mechanisms can be considered RPA

and TNSA. Below, these mechanisms are described in detail. The basic properties of the

CEA mechanism are also outlined.

2.1. Ion Acceleration by the Radiation Pressure Acceleration (RPA) Mechanism

When a short (fs or ps) laser pulse of relativistic intensity irradiates a dense target, the

low-intensity part of the pulse’s leading edge is usually intense enough to ionise the target

surface and generate a plasma (pre-plasma) on it. The main part of the pulse carrying the

vast majority of the laser energy interacts with the pre-plasma and in the skin layer near

the surface where the plasma electron density, ne, reaches the so-called critical density, nec,

and induces two oppositely directed ponderomotive forces Fp (Figure 1). Each of these

forces acts on the plasma electrons located in the skin layer and the electrons are pushed

along the force direction and locally separated from the plasma ions. The system of the

electron layer and the ion layer creates the so-called double layer (e.g., [67,68]), which is a

region of non-neutral plasma where a large potential drop generates a very strong electric

field (the charge separation field) that accelerates the ions. Since, in general, two oppositely

directed ponderomotive forces are induced in the skin layer, these forces drive (via the

double layer mechanism) two ion bunches moving in the forward and backward directions.

This ion acceleration mechanism is sometimes called skin-layer ponderomotive acceleration

(SLPA) [7,46–48]. This mechanism can effectively accelerate ions at both relativistic and sub-

relativistic laser intensities. In the case where the laser pulse intensity is sufficiently high

(>1020 W/cm2) and the pre-plasma density gradient is high, the forward ponderomotive

force (ponderomotive or radiation pressure) clearly prevails over the backward one and

only a high-density forward-accelerated (along the laser beam axis) ion bunch is actually

produced and accelerated. This high-intensity case of the SLPA mechanism is usually called

radiation pressure acceleration (RPA) [1–4,36–45].

ff

ffi

 

Figure 1. The idea of ion acceleration by the RPA mechanism. Fp—ponderomotive force; E, H—

strength of the electric and magnetic field, respectively of the laser beam in the plasma; ne—electron

density in the plasma; nec—critical electron density; xc—position of the critical density surface.

In the RPA mechanism, two stages/regimes of ion acceleration can be distinguished,

namely, the hole-boring (HB) stage and the light-sail (LS) stage (Figure 1) [1,2]. In the

HB stage, ions from the front part of the target are accelerated towards the interior of the

target by the charge separation field of the forward-moving double layer driven by the

pressure of laser radiation. The increase in ion energy is accompanied by an increase in

the number of accelerated ions, because the moving (positively charged) ion layer in the

double layer acts as a piston on the ions stored in the undisturbed part of the target. The

HB stage ends when the ion (plasma) bunch generated in this way reaches the rear surface
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of the target. After the ion bunch crosses this surface, the LS stage begins. In this stage, the

ion bunch is accelerated by the radiation pressure in free space similar to a sail pushed by

the wind. Depending on the target thickness and the laser fluence FL, RPA-HB or RPA-LS

dominates the ion acceleration process. When the target is thick enough (or the FL is not

high enough), almost all of the laser energy is used to accelerate ions inside the target, and

thus the acceleration process is dominated by RPA-HB. Optimal conditions for RPA-HB

occur when the target thickness LT ≈ LHB = τLVHB, where VHB is the average recession

velocity of the plasma (ion) surface driven by the laser piston and τL is the laser pulse

duration. Since VHB ~ A−1/2 [2], the optimal target thickness for this acceleration regime

decreases proportionally to A−1/2, and for super-heavy ions, it is by a factor of ~4 smaller

than for light ions such as carbon ions. Approximate analytical formulas for estimating the

energy of ions accelerated by RPA-HB can be found, e.g., in [2]. In contrast, when the target

is thin enough (or the FL is high enough), only a small part of the laser energy is used to

accelerate ions inside the target and the majority of the laser energy are used to accelerate

the ion bunch in free space behind the initial target position. Thus, the acceleration process

is dominated by RPA-LS. As shown in [69], in order for ion acceleration to be realised

in the RPA-LS regime, the following condition should be met: 1/4 Lskin < LT < 5 Lskin,

where Lskin = γ1/2 c/ωp is the relativistic skin depth of the plasma (γ ~ IL
1/2—relativistic

parameter; ωp—electron plasma frequency; c—speed of light). When LT < 1/4 Lskin,

the acceleration is inherently unstable and corresponds to the CEA regime, while when

LT > 5 Lskin, the TNSA-like mechanism dominates. The most efficient acceleration takes

place when LT ~ (1–2) Lskin, provided that the laser pulse is not very long and the transverse

expansion of the plasma during the pulse is small. A convenient analytical formula for

estimating the energy of ions accelerated by RPA-LS when the laser pulse energy fluence,

FL, and the target areal density, σ, are known can be found in [2].

The most important advantages of the RPA mechanism are as follows [1–4]: (1) RPA

enables the efficient acceleration of both light and heavy ions and laser-to-ions energy

conversion efficiency can be very high (can reach several dozen percent). (2) Scaling of

the RPA-driven ion energy with the laser intensity/fluence is very favourable (Ei ~ (Iτ)α,

where α = 2 for vi << c, and α = 1 for the LS mode or α = 1/3 for the HB mode at vi ≈ c);

this potentially enables reaching relativistic ion energies of the order of tens of GeV for

light ions and up to TeV for heavy ions. (3) The areal ion density, σi, at the source can be

high (up to σi ≥ 1020 cm−2) which enables achieving very high ion beam intensities and

fluences also at moderate ion energies. (4) It is possible to produce ultra-short ion pulses

with durations from tens of fs to ps. (5) The ion beam can have a quasi-monoenergetic ion

energy spectrum.

RPA also has a number of disadvantages, particularly the following: (1) Achieving

high acceleration efficiency usually requires very high laser intensities (>1021 W/cm2)

and a high laser pulse contrast ratio. (2) The transverse homogeneity of the laser beam

driving the ions should be high. (3) Circularly polarised laser beams usually provide higher

acceleration efficiency and better quality of the generated ion beam than the more easily

produced linearly polarised laser beams. (4) Rayleigh-Taylor-like (and other) instabilities

can occur in the acceleration process and negatively affect the acceleration efficiency and

quality of the generated ion beam.

It should be added that due to the high requirements for the laser beam driving ions

in the RPA regime, and mainly the requirement of very high laser intensity, experimental

studies of RPA are still at an early stage. Current knowledge about the properties of the

RPA mechanism and ion beams driven by this mechanism is mainly the result of theoretical

and numerical studies. It can be believed that the rapid development of ultrafast multi-PW
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lasers observed in recent years will significantly accelerate experimental research on ion

acceleration by RPA as well as on possible applications of the generated ion beams.

2.2. Ion Acceleration by the Target Normal Shield Acceleration (TNSA) Mechanism

The second acceleration mechanism that has a significant impact on the acceleration

process and the properties of the heavy ion beam is the TNSA mechanism [1–4,26–35].

The idea of this mechanism is illustrated in Figure 2. A short, pico- or femtosecond laser

pulse irradiating the front surface of the target produces plasma and a stream of hot (fast)

electrons with a temperature Th usually in the range of ~0.1–10 MeV. The electrons penetrate

the target and form a Debye sheath on its rear surface, which acts as a virtual, moving

cathode. The electric field induced by the cathode: Eac ~ Th/eλDh ~ 1–100 GeV/cm (λDh is

the Debye length) is very high and easily ionises atoms accumulated in a thin (~5–10 nm)

layer on the rear surface of the target. The ions generated in this way are accelerated by the

virtual cathode at a distance of Lac ~ 10–100 µm to an energy of Ei ~ ZeLacEac ~ 1–100 MeV

(Z is the charge state of the ion). The ions are accelerated mainly in directions close to the

normal to the back surface of the target and, as a result, the angular divergence of the ion

beam is relatively small.

λ λ

 

ff
ff

≈

ffi

ffi

≤ ffi
σ σ

− −

σ

Figure 2. The idea of ion acceleration by the TNSA mechanism (see the text).

The TNSA mechanism can effectively accelerate ions with a high Z/A ratio. It is

therefore effective primarily in accelerating protons (Z/A = 1) and highly ionised light ions

(e.g., Be, Li, C) for which Z/A ≈ 1/2 [1,2]. Protons and such light ions can be generated

both from insulators (e.g., polyethylene, polystyrene) and metal targets, the thickness of

which is usually in the range of 0.1–10 µm. When a metal target is used, the source of

protons and light ions is usually hydrocarbon impurities (H, C), which are almost always

present on the target surfaces and are efficiently ionised by the TNSA field (sometimes,

the back surface of the target is covered with a thin layer of CH or CH2 [70]). In the case

that the goal is to accelerate protons or light ions from metal targets, the low-Z impurities

present in these targets are desirable and even essential. However, when the goal is to

accelerate heavy ions from high-Z metal targets, these impurities play a negative role, as a

significant part of the laser energy is spent on accelerating light ions or protons, which in

turn can significantly reduce the efficiency of heavy ion acceleration.

Regardless of the composition and structure of the target, usually only ions from a

very thin (≤10 nm) layer on the rear surface of the target are efficiently accelerated by the

TNSA mechanism. As a result, the areal density σi of the ion source is relatively small,

σi < 1017 cm−2, and the ion density in the source ni is moderate, ni < 1019 cm−3. Thus,

achieving high ion beam intensities Ii = niviEi (say >1018 W/cm2) and/or energy fluences

Fi = σiEi (say Fi > 1 MJ/cm2) is possible only at very high ion energies (Ei ~ 100 MeV or

higher). On the other hand, the total number of accelerated ions can be fairly high (up to
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Ni ~ 1012–1013 [1,2,71]), because due to the transverse transport of fast electrons in the

target, the size of the surface from which ions are extracted and accelerated is much larger

than the size of the laser beam on the target.

Ion acceleration using the TNSA mechanism has a number of advantages, particu-

larly the following: (1) Moderate requirements for the laser beam quality (both the beam

transverse distribution and the laser pulse contrast) and intensity (both relativistic and

sub-relativistic laser intensities can be used), as a result, proton beams with energies of

~100 MeV can be generated at currently achievable laser intensities. (2) Very low transverse

emittance of the ion/proton beam. (3) Good quality of the transverse energy distribution in

the ion/proton beams.

The TNSA method, however, also has a number of disadvantages, which include the

following: (1) A wide (quasi-Maxwellian) ion energy spectrum. (2) Relatively low efficiency

of laser energy conversion into ion/proton energy (typically ~1%, although under certain

conditions it is possible to achieve an efficiency of 15% [72]). (3) A relatively slow increase

in the maximum ion energy Eimax with the increasing laser intensity: Eimax ~ (IL)0.5 [1,2].

(4) A relatively low areal density of ions in the source (<1017 cm−2), which makes it difficult

to achieve very high intensities and fluences of the ion/proton beam at achievable laser

intensities. Despite these disadvantages, TNSA is still the most effective and recognised

method of proton acceleration with the potential to produce high-quality proton beams.

The above-mentioned advantages of TNSA, and in particular, the not very high re-

quirements for laser intensity and beam quality, as well as the possibility of using simple

targets that do not require sophisticated technologies, make TNSA the best-known mecha-

nism so far, and ion beams produced by this method have a significant application potential.

This, in turn, stimulates further development of research on this acceleration method, in

particular, in terms of increasing the acceleration efficiency, increasing the ion energy, and

improving the quality of the ion beam.

The significance of TNSA in the heavy ion acceleration process depends to a large

extent on the laser intensity. At relativistic but moderate intensities of ~1021 W/cm2 and

lower, TNSA can be the dominant mechanism in this process. At such laser intensities,

low-Z impurities present on the surface of the high-Z target play an important role, which,

as explained above, are effectively accelerated by TNSA and can cause a significant decrease

in the efficiency of heavy ion acceleration [73,74]. To increase this efficiency, target cleaning

from impurities is often used in this case. With the increasing laser intensity, the role of RPA

mechanism in heavy ion acceleration increases (especially when the laser beam is circularly

polarised) and, at ultra-high laser intensities of ~1023 W/cm2 and higher, this acceleration

mechanism dominates and determines the most important parameters of the ion beam

such as mean ion energy, beam fluence and intensity [5,64–66]. However, also in this case,

TNSA plays a significant role, especially in the post-RPA stage of acceleration where TNSA

is the dominant mechanism [5,64,65]. At ultra-high laser intensities, the influence of low-Z

impurities on the heavy ion acceleration process is usually small mainly due to the small

energy carried by light ions compared to the total energy of heavy ions acquired in the RPA

stage of acceleration [64–66].

2.3. Ion Acceleration by the Coulomb Explosion Acceleration (CEA) Mechanism

When a laser pulse of sufficiently high intensity of the order of 1021–1022 W/cm2 or

higher interacts with thin targets [1], a gas containing sub-micrometre solid clusters [1,51,52]

or, for example, a subcritical plasma from the region of a self-focusing plasma channel [53],

it becomes possible to accelerate ions by the Coulomb explosion mechanism. In such a

case, the electromagnetic field of the laser pulse acting directly on the electrons contained

in the plasma is able to knock out a significant number or even all of the electrons from a
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given area (target, cluster or channel), leading to the breaking of the electrical neutrality of

the plasma. This leads to the formation of an area with a positive electrical charge and a

gradual increase in the electrical potential in the region along with the removal of electrons

from it. The maximum value of such potential can be estimated (on the example of a

cluster) at: ϕmax = R2nq
3ε , where n is the density of ions, q is the ion charge, R is the radius

of area, and ε is permittivity [51]. This leads to the creation of an electric field associated

with this electric potential that accelerates ions from the discussed region in all directions.

In Figure 3, we can see an example of such field associated with the Coulomb explosion

acceleration mechanism. We can clearly see part of the field accelerating ions forwards

and backwards. Additionally, it can be seen that in the case of ions with a high level of

ionisation, even a small relative loss of electrons can lead to a Coulomb explosion.

𝝋𝒎𝒂𝒙 ൌ 𝑹𝟐𝒏𝒒𝟑𝜺 𝒏 𝒒𝑹 𝜺 tt
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Figure 3. Cross-section along the x axis for the two-dimensional electron and ion charge distributions,

as well as the x component of the electric field-accelerated ions in the plasma. Results of the 2D PIC

simulation of acceleration of uranium ions from a 51-nm thick uranium target irradiated by a 30-fs

laser pulse with an intensity of 1023 W/cm2. t = 100 fs is the simulation time.

The time needed to remove electrons from the considered region depends on the

intensity of laser pulses. In a situation where ϕmax is negligible with respect to the kinetic

energy of electrons, they can be removed from the considered region in time δt ≈ R/c. For

this to happen, the following condition must be met: a >

√
2/3(R/de)

(

ωpe/ω
)

where a is

the dimensionless amplitude of laser field, de = c/ωpe is the collisionless skin depth, ωpe

is the plasma frequency, and ω is the laser frequency (considerations on the example of a

spherical cluster). This means that for R = 1 µm and n = 1023 cm−3, the laser pulse intensity

of 1024 W/cm2 is needed. For lower laser pulse intensities, the electron ejection process

takes place during time t = 2π(R/rE)ω
−1, where rE = dea

(

ω/ωpe

)

is the quiver radius

of electron inside the cluster [51]. In order for ion acceleration by the CEA mechanism to

occur effectively, the target/cluster cannot be too thick/large because the laser pulse will

have difficulty knocking out a sufficiently large number of electrons. They also cannot

be too thin/small because then, even if all the electrons are knocked out, the charge of

the remaining ions will be too small to generate a sufficiently strong field. The optimal

situation corresponds to the case in which the maximum value of the field associated with

the CEA mechanism, located at the edge of the electron loss region, is close to the maximum

value of the electric field of the laser pulse. This means that there is an optimal size for

the target: σopt = 0.4a + 3, where σ = nel
ncrλ , ne is the electron density of the target, ncr is the

plasma critical density, l is the target thickness, and λ is the laser wavelength. The optimal

cluster size is as follows: R = 3ancrλ/(2πne) [1]. It is clear that for both cases, the optimal

value (from the point of view of the CEA mechanism) is linearly dependent on the laser

pulse intensity and inversely proportional to the electron density. Simple substitutions also

show that considering a cluster/target with a density close to that of a solid state and a
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laser pulse with an intensity of the order of 1022 W/cm2 in both cases, we need dimensions

much smaller than the laser pulse wavelength [1].

To sum up, in the real process of laser-driven acceleration of ions, including heavy

ions, several acceleration mechanisms usually contribute. Which of these mechanisms

has a significant or dominant contribution to this process depends on the laser and target

parameters, including intensity, polarisation, wavelength, contrast ratio, duration and

quality of the laser beam and the thickness, density, structure, quality, etc. of the target.

This contribution also depends on the pre-plasma parameters, including thickness, shape

of the spatial density distribution (in particular, the density gradient) or the type (atomic

composition) of the pre-plasma. This applies, in particular, to the contribution of the

RPA and TNSA mechanisms to the acceleration process, i.e., mechanisms that play the

most important role in the acceleration of heavy ions to high energies (multi-GeV and

higher). Due to the large number of parameters that determine the contribution of a

given mechanism to this process, it is difficult to clearly determine under what conditions

the contribution of this mechanism is significant/dominant or under what conditions a

transition from one mechanism to another occurs (a rough determination of such conditions

is sometimes feasible, but with a significant narrowing of the number of laser–target

interaction parameters, e.g., [69,75]). However, it is possible to indicate what conditions

favour a significant/dominant contribution of a given mechanism to the acceleration

process, including the RPA and TNSA mechanisms. In particular, efficient ion acceleration

by RPA is supported by high laser intensity (>>1021 W/cm2) [1,2], circular polarisation

of the laser beam [1,2], short laser wavelength [1,2,76], high contrast ratio [2,40,44], high

quality of the laser beam (especially its spatial distribution) [77,78], rather small target

thickness (in the range of sub-um thicknesses matched to the laser intensity) [2,69], and high

pre-plasma density gradient [2,40]. Efficient ion acceleration by the TNSA (or TNSA-like)

mechanism is possible with much lower requirements for the laser and target than for RPA.

This mechanism can be particularly efficient at both relatively low (~1019–1020 W/cm2)

and high (including ultra-high) laser intensities [1,2,64,65] and using both micrometre

and sub-micrometre targets [1,2]. Furthermore, the quality of the laser beam (its spatial

distribution) does not necessarily have to be very high (although, of course, the high

quality of this beam favours obtaining a high quality ion beam). The efficiency of TNSA is

favoured by a linear polarisation of the laser beam, a long laser wavelength and a moderate

pre-plasma density gradient [1,2]. RPA and TNSA often compete with each other in the

acceleration process and depending on the laser and target parameters, either RPA or

TNSA dominates in this process. Sometimes, however, each of these mechanisms plays a

dominant role in this process, but at different stages of acceleration: RPA dominates in the

stage of direct interaction of the laser with the target/plasma, while TNSA dominates in the

post-RPA stage, i.e., after the end of this interaction (e.g., [64,65]). The general properties

of the ion acceleration process outlined above occur in the case of both light and heavy

ion acceleration.

In the next two sections, we review the major results of studies on heavy ion ac-

celeration driven by ultrafast high-peak-power lasers performed over a wide range of

laser intensities from ~1016 W/cm2 to ~1024 W/cm2. For the purposes of this paper, we

have divided this range into two sub-ranges: moderate and high intensities, i.e., from

>1016 W/cm2 to <1023 W/cm2 (Section 3) and ultra-high intensities, i.e., ≥1023 W/cm2

(Section 4). The reasons for dividing laser intensities into these two sub-ranges are primarily

technical/practical but partly also physical. The first divides intensities into those currently

achievable (moderate and high intensities) and those that will be achievable in the future

(ultra-high intensities). For this reason, in Section 3 mainly (but not exclusively) exper-

imental studies are discussed, while in Section 4 (ultra-high intensities) only theoretical
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and numerical results are presented. The division adopted roughly coincides with the

division into two ranges of laser intensities in which particles accelerated in the plasma are

relativistic or non-relativistic particles. In the range of intensities called here moderate and

high intensities, only electrons accelerated by the fields induced by the laser in the plasma

can reach relativistic velocities, while ions are non-relativistic particles. In the ultra-high

intensity range, both electrons and ions can be accelerated by these fields to relativistic

velocities. Of course, the boundary between these ranges is not sharp and in this sense

the division into these two ranges is rather conventional, but useful for the purposes of

our article.

3. Acceleration of Heavy Ions at Moderate and High Laser Intensities

As explained in Section 2, at laser intensities exceeding 1016 W/cm2, the motion of ions

in a laser accelerator is primarily determined by quasi-static electric fields induced by the

laser in the accelerator plasma. The efficiency of ion acceleration in an electric field depends

on the ratio of the ion charge to its mass, i.e., on the Z/A ratio and increases with the

increase in this ratio. Therefore, in order to achieve high acceleration efficiency, one should

strive to achieve high values of the Z/A of the ion, which is particularly important in the

case of heavy ions. Since the atomic number for heavy elements Za is always less than half

the total number of protons and neutrons in the atomic nucleus, only with very high charge

states Z close to Za can we achieve high acceleration efficiency close to that for light ions,

usually for which Z/A ≈ 1/2 (for protons Z/A = 1). The key issue in the acceleration of

heavy ions, and especially super-heavy ions, is therefore the production in the laser–target

interaction process of ions with the highest possible charge state Z. In the case of long

laser pulses (sub-ns, ns or longer), achieving high Z values is possible even at relatively

low laser intensities (~1013–1016 W/cm2). In this case, the basic ionisation mechanism

is electron–ion collisions in the plasma. The long lifetime of the plasma generated by

a long-pulse laser (comparable to the laser pulse duration) and relatively high density

(>1020 cm−3) and temperature (up to several keV) enable achieving charge states of heavy

ions in this plasma reaching Z ~ 50–70 [7,79,80]. However, the ion energies at these laser

intensities are rather low, usually in the range of 1–100 MeV. On the other hand, long-pulse

high-energy (~100–1000 J) lasers make it possible to generate ion streams containing a large

number of highly charged ions (up to 1014–1015) and with high peak ion currents (up to

~100 A) and ion current densities (up to several A/cm2 at 1 m from the ion source) [81].

Research on heavy ion acceleration driven by ultrafast lasers, i.e., lasers generating

pico- or femtosecond pulses, began at the turn of the twentieth and twenty-first centuries,

when ultrafast lasers with TW and multi-TW powers became widely available. In the first

period of this research, the focus was on the acceleration of heavy ions in the direction

opposite to the direction of laser beam propagation (backward direction) produced from

relatively thick targets (several dozen µm or thicker). This was due, on the one hand, to the

limited access of most researchers to advanced target fabrication technologies (including

fabrication of sub-micrometre or nanometre thick targets), and on the other hand, to

the rather moderate laser intensities available at that time, covering the range of sub-

relativistic and low-relativistic intensities (~1018–1019 W/cm2). With the increase in power

(up to PW and multi-PW) and intensities (up to 1021–1022 W/cm2) of laser beams and the

easier access to ultra-thin targets and targets with complex structures (see e.g., [82]), the

interest of researchers shifted towards the study of forward-accelerated heavy ion beams.

Forward accelerated ion beams may have significantly more advantageous properties

than backward-generated beams and are more useful in a variety of potential applications.

In Sections 3.1 and 3.2, the results of experimental studies on the backward (Section 3.1)

and forward (Section 3.2) acceleration of heavy ions by ultrafast lasers in the range of laser
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intensities from sub-relativistic to relativistic up to 1022 W/cm2 are briefly summarised.

This summary includes only some selected results of heavy ion acceleration studies to

date, considered by the authors to be representative of this field of research, and does not

pretend to be an exhaustive review.

3.1. Backward Acceleration of Heavy Ions

The results of some of the first experiments investigating the backward acceleration of

heavy ions driven by a picosecond laser pulse of sub-relativistic intensity were presented

in [83–86]. In these studies, an ultrafast neodymium terawatt laser generating a pulse of

1 ps duration, energy of 0.5–1 J, and laser beam intensity on the target in the range of

1014–1017 W/cm2 was used. Using a diagnostic system containing an electrostatic ion

energy analyser (IEA) and a set of ion collectors, the energy and charge state of ions gen-

erated backward from massive (thick) metal targets of different atomic numbers were

studied. In [83], ion fluxes from a copper target were studied. Cu ions with charge states

Z from 1 to 13 were detected by IEA. The ions were generated in two groups: the fast ion

group and the low-energy (thermal) ion group. It was found that in the studied range of

sub-relativistic laser intensities IL, the mean energy, Emean, of fast ions increases linearly

with the increasing IL and reaches a maximum value of ~300 keV, while Emean for thermal

ions increases with intensity proportionally to (IL)1/2 and reaches values below 50 keV. In [84],

Ag ion fluxes generated backward at a laser intensity of 5 × 1016 W/cm2 were studied. Highly

charged Ag ions with a maximum charge state of Zmax = 29 and Emax = 0.9 MeV were measured.

Backward emission of ions from targets with various atomic numbers in the range from

13 (Al) to 79 (Au) was studied in [85]. The most important results of this work are sum-

marised in Table 1, which presents the measured values of Zmax, Emax, and peak ion current

densities measured at one metre from the target, jmax, for Al, Fe, Cu, Ag, Ta and Au ions.

Table 1. Maximum charge states, Zmax, maximum energies, Emax, and peak ion current densities

measured at 1 m from the target, jmax, for heavy ion beams accelerated backward by a 1-ps laser pulse

with an intensity of IL = 5 × 1016 W/cm2 and energy of EL = 0.45 J.

Element Al Fe Cu Ag Ta Au

Zmax 13 18 17 29 38 33
Emax, MeV 0.1 >0.2 ≥0.3 0.9 ~1 ~1

jmax, mA/cm2 3.3 - 2.2 3.2 1.3 0.8

The highest charge states were measured for the heaviest ions: Ta (Zmax = 38) and Au

(Zmax = 33). Au and Ta ions also reached the highest energies approaching 1 MeV. Current

densities of the studied ions at a large distance from the ion source (1 m) were quite high

~>1 mA/cm2, and the angular divergence of the ion flux did not exceed 30 degrees.

In [86], the properties of Au ion streams generated by 1 ps and 0.5 ns pulses with

similar energies and focal spots on the target were compared. It was found that although

the laser intensities for 1 ps and 0.5 ns pulses differ significantly (8 × 1016 W/cm for 1 ps

vs. 2 × 1014 W/cm2 for 0.5 ns), the maximum charge states and mean energies of Au ions

are comparable for these pulses (Zmax = 26 vs. Zmax = 32 and 17 keV/u vs. 19 keV/u).

However, other properties of ion streams generated by ps and sub-ns pulses, as well as ion

acceleration mechanisms, differ significantly. In the case of the ps pulse, only one fast ion

group with small angular divergence (~10 degrees, FWHM) is generated and the probable

acceleration mechanism is the SLPA mechanism. In the case of the sub-ns pulse, two or

more fast ion groups are generated in a wide solid angle (~60 degrees) and it seems that

the ion flux properties are largely determined by the self-focusing of the laser beam in

the plasma.
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Although in works [83–86] the mechanisms of target plasma ionisation and the for-

mation of highly charged ions were not studied, based on the current knowledge, it can

be assumed that the dominant ionisation mechanism was electron–ion collisions. As for

the ion acceleration process, not only the SLPA mechanism but also the TNSA-like mech-

anism arising from the escape of hot (fast) electrons from the plasma could contribute to

this process.

It is worth adding that these works also demonstrate the ability to produce highly

charged ion fluxes with MeV ion energies by ultrafast low-energy lasers (~1 J), which

are currently capable of operating with a high repetition rate (>1 Hz). This opens up

the possibility of using such ion fluxes in some applications, such as ion implantation in

near-surface layers of materials to improve their properties.

The first, to our knowledge, experiment demonstrating backward acceleration of

heavy ions at relativistic laser intensity was presented in [87]. In this experiment, a 1-ps

Nd laser pulse with an intensity of 5 × 1019 W/cm2 was used to illuminate a thick (2 mm)

lead target. Using a Thomson parabola spectrometre (TPS), highly charged Pb ions with

Zmax = 46 and peak energy Emax = 430 MeV were detected. It was suggested that the

acceleration of Pb ions is a combination of a Coulomb explosion (CEA mechanism) and

acceleration by the space charge force from hot electrons which escape the plasma (TNSA-

like mechanism).

In [88], the acceleration of ions from a 100-µm iron target driven by a 0.7-ps laser pulse

with an intensity of 2 × 1020 W/cm2 was investigated. The activation method using the
56Fe + 12C fusion–evaporation reactions was used to estimate the energy of Fe ions. From

the activation measurements, the maximum energy of Fe ions was deduced to be about

330 MeV for the unheated iron target and ~650 MeV for the target heated to a temperature

of 860 Celsius degrees. According to the authors, this almost two-fold increase in the energy

of Fe ions from the heated target was the result of the removal of hydrocarbon contaminants

from the target surface, which significantly reduced the efficiency of heavy ion acceleration.

More detailed studies of heavy ion acceleration were carried out in [89]. The back-

ward and forward acceleration of Pd ions generated from a 25-µm thick palladium tar-

get illuminated by a laser pulse from 1 to 8 ps duration and intensity in the range of

5 × 1019–5 × 1020 W/cm2 was studied. It was found that the backward ion stream contains

more ions and higher charge states than the forward stream, while the maximum ion

energies are similar in both directions. For a laser intensity of 2 × 1020 W/cm2, Pd ions with

Zmax = 30 and Emax ≈ 400 MeV were detected in the backward stream. The dependence of

the maximum Pd ion energy on the laser intensity IL was studied and it was shown that

Emax increases proportionally to (IL)1/2.

For backward acceleration of heavy ions at relativistic laser intensities, lasers gener-

ating femtosecond pulses have also been used. An example is the work [90], in which a

femtosecond laser pulse (25–45 fs) with an intensity of 1018–2 × 1019 W/cm2 illuminates an

Au-C-Al (or Si) nano-composite target containing Au nanoparticles. It has been shown that

in such a laser-target set, it is possible to generate Au ion streams with a narrow energy

spectrum (energy spread < 10%), the number of ions up to 9 × 1010 per shot, and the

maximum ion energy of ~0.5 MeV. According to the authors, the heavy ion stream with

the above properties is produced by the thermal pressure of the expanding hot plasma,

and not by the electric field induced by hot electrons escaping from the plasma. The

results quite similar to those presented in [90], in particular, the generation of Au ions with

a narrow energy spectrum and a maximum energy of ~0.5 MeV were obtained in [91],

where a multi-layer target containing nanometre-sized Au (5 nm) and C (10–40 nm) layers

deposited on a 1-mm thick Si substrate was used. The relatively low energy of the ions

achieved in these works can be explained by the rather low fluence of the laser pulses used,
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comparable to the fluence of the picosecond pulse of sub-relativistic intensity used in the

experiments [83–86].

Table 2 summarises the quantitative results of the experiments discussed in this sub-

section, relating to the achieved maximum energies and charge states of the accelerated

ions. These experiments were carried out in very different physical conditions, in which the

differences concerned not only the intensity and duration of the laser pulse and the base

target material, but also other parameters influencing the laser–target interaction process,

such as the laser pulse intensity contrast or the target structure and thickness. Therefore,

the results presented in the table cannot be the basis for determining, for example, the

rules for scaling Emax or Zmax changes with increasing laser intensity. Despite this, we

have grounds to state that the simultaneous increase in laser intensity and fluence results

in a fairly fast (but slower than linear) increase in the maximum energy of heavy ions

accelerated backwards, which at a picosecond pulse intensity of ~1020 W/cm2 results in

the acceleration of heavy ions to sub-GeV energies. On the other hand, in the considered

range of laser intensities, the influence of intensity/fluence on the achieved maximum

charge state of the ion is small and the value of Zmax is primarily determined by the atomic

number and the energy level structure of the ionised atom.

Table 2. Maximum charge states, Zmax, and maximum energies, Emax, of heavy ions accelerated backward

by an ultrafast laser. IL, τL, and EL are the intensity, duration, and energy of the laser pulse, respectively.

Element Zmax
Emax,
MeV

IL,
1018

W/cm2

τL,
ps

EL,
J

References

207Pb82 46 430 50 1 50 [87]
197Au79 33 ~1 0.05 1 0.45 [85]
197Au79 26 >1 0.08 1 0.45 [86]
197Au79 ~10 ~0.45 20 0.025 ~1 [90,91]
181Ta73 38 ~1 0.08 1 0.45 [85]
108Ag47 29 0.9 0.05 1 0.5 [84]
106Pd46 30 400 200 1 120 [89]
64Cu29 13 ≥0.3 0.63 1 0.5 [83]
56Fe26 18 >0.2 0.05 1 0.45 [85]
56Fe26 650 200 0.7 400 [88]

3.2. Forward Acceleration of Heavy Ions

Progress in ultrafast laser technology resulting in increased power and intensity of

pico- and femtosecond pulses as well as mastering the technology of producing ultra-thin

targets (~10–100 nm thick) has caused a shift in the interest of researchers involved in

laser acceleration of heavy ions from backward acceleration to forward acceleration of ions.

Forward acceleration can potentially ensure the production of heavy ion beams with ion

energies and other parameters higher than for backward accelerated beams and to a greater

extent meet the requirements of various applications of these beams. Research on forward

acceleration of heavy ions, both experimental, theoretical, and numerical, has developed

primarily in the last ten years. During this period, a number of experiments and numerical

studies of heavy ion acceleration for high laser intensities in the range of 1020–1022 W/cm2

were performed. In this sub-section, we will briefly summarise the most significant results

of these studies, including the achieved energies and measured charge states of heavy ions.

The paper [92] reports the results of Fe ion acceleration by a 35-fs laser pulse with

an energy of 8 J and intensity of 1021 W/cm2. The ion source was iron impurities on the

surface of a 0.8-um thick Al target. Highly charged Fe ions with a maximum energy of

0.9 GeV accelerated by the TNSA mechanism were demonstrated.
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In [93], the acceleration of Au ions from an ultra-thin (14 nm) gold foil was studied.

The foil was irradiated by a 35-fs laser pulse with an energy of 1.6 J and an intensity of

8 × 1019 W/cm2. Au ions with a maximum energy of Emax ≈ 200 Mev and a maximum

charge state of Zmax ≈ 50 were recorded. Based on theoretical models and particle-in-cell

(PIC) simulations, it was found that the dominant mechanism of ionisation of gold atoms is

ionisation by the laser field, while the acceleration of highly charged Au ions is significantly

enhanced by the Coulomb explosion of ions.

The results of the experiment with Au ion acceleration driven by a sub-picosecond

(0.14 ps) laser pulse with an intensity of 8 × 1020 W/cm2 and energy of several dozen J

are presented in [94]. In the experiment, the energy spectra of Au ions from a gold target

of 50, 100, and 300 nm thickness were compared for the case of a cold target and a target

heated to 500 degrees in order to remove low-Z impurities from the target surface. Based on

measurements using the Thomson parabola spectrometre (TPS), it was found that in both

cases, the energy spectrum has a shape suggesting the dominance of the TNSA mechanism

in ion acceleration, with the maximum energies of ions generated from heated targets being

higher by a factor of 1.2–1.5 than those of ions produced from cold targets and reaching

1 GeV. However, no significant effect of target heating on the maximum value of the ion

charge state was found, and for the target thickness of 100 nm, ions with Zmax ~ 50 were

detected in both cases.

In [95], the acceleration of Ag ions from silver targets with thickness in the range of

50–800 nm was studied. The ions were driven by a femtosecond (40 fs) laser pulse with

an intensity of 5 × 1021 W/cm2 and energy of ~10 J. The acceleration of highly charged

(Zmax = 45) Ag ions to energy of ~2.2 GeV was demonstrated. The measurements were

supported by detailed 2D PIC simulations which allowed for a deeper insight into the

ionisation and acceleration mechanisms of ions. It was found that although for lower

charge states (Z < 38) the ions can be either field or collisional ionised, for targets thicker

than 500 nm, the dominating ionisation mechanism for high charge state (Z = 38–47) Ag

ions is collisional ionisation. Meanwhile, for the thinnest target (50 nm) field ionisation

dominates, albeit with a significant contribution from collisional ionisation. The dominant

mechanism of Ag ion acceleration is TNSA; however, for the thinnest target, the influence

of the RPA-HB mechanism is noticeable. The latter results in higher energy and charge state

of ions but leads to target deformation and makes it difficult to control the parameters of the

generated ion beam. It has also been shown that the laser pulse rising edge with relativistic

intensity and length of several hundred fs can effectively remove light contaminants from

the surface of a thin target, and thus increase the efficiency of heavy ion acceleration.

The paper [12] reports the acceleration of Au ions by a femtosecond (22 fs) laser

pulse with an intensity of 1.1 × 1022 W/cm2, the highest used in heavy ion acceleration

experiments performed to date. Using a double-layer target composed of a 60-µm carbon

nanotube foam (CNF) layer and a 150-nm gold layer, the acceleration of Au ions with

Emax = 1.2 GeV and Zmax = 61 was demonstrated. The ion energies from the double-layer

target were a factor of ~1.7 higher than those achieved with the single-layer Au target.

Based on 2D PIC simulations, it was found that the main reason for the increased ion

energy from the double-layer target is the extension of the ion acceleration time due to the

presence of the CNF layer.

A similar experiment as in [12] but with a much longer pulse of 0.5 ps duration was

performed in [96], where a laser pulse with an intensity of 4 × 1020 W/cm2 and energy of

about 180 J irradiated an Au target (heated or unheated) of thickness 25, 45, 100, 300 or 500 nm.

The measured energy spectra and charge state distributions of Au ions showed a significant

dependence on the target thickness. The highest ion energies with Emax = 1.4–1.5 GeV and the

highest Au ion charge state Zmax = 72 were measured for the heated target of thickness
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100 nm. It was noted that the achieved value of Zmax is the highest among the Au ion charge

states measured so far in experiments with laser-driven acceleration of heavy ions, the

value of Zmax = 72 for Au was also measured in [97], but in a different type of experiment.

It was found that the recorded charge state distributions of Au ions are difficult to

explain using the established ionisation models applied in studies on laser acceleration of

heavy ions.

The results of the study of the acceleration of Au ions driven by a high-energy sub-

picosecond laser were also reported in [98,99]. In [98], a laser pulse of 0.85 ps duration,

intensity of (3–5) × 1020 W/cm2, and energy of 200 J irradiated a gold target of several

dozen nm thickness. Au ions with a maximum energy of 1.6 GeV and a charge state of +58

were detected.

In [99], the Au ion fluxes generated from an ultra-thin (15 nm or 30 nm) gold target

irradiated by a 0.8-ps laser pulse with an intensity of ~3 × 1020 W/cm2 and energy of ~175 J

were measured. In the case of the 15 nm target, the energy spectra of Au ions with a distinct

quasi-monoenergetic peak extending from 1 GeV to 2 GeV with mean energy ~ 1.5 GeV and

the number of ions on the order of 1012 particles per steradian were recorded. According

to the authors, this was the first experimental observation demonstrating laser-driven

generation of a quasi-monoenergetic beam of super-heavy ions. Particle-in-cell numerical

simulations have shown that under physical conditions corresponding to those in the

experiment, three stages of acceleration, namely, the TNSA, RPA and RITA stages, can be

distinguished. In such conditions, the generation of a quasi-monoenergetic spectral peak

seems to be the result of the appropriate relationship between the durations of the RPA and

RITA stages. Based on the simulations performed, it has also been found that at very high

intensities (up to >1022 W/cm2) achievable with multi-PW lasers, the generation of heavy

ion beams with a narrow energy spectrum is also possible provided that an appropriate

control of the laser pulse duration is ensured and the duration is well matched to the

target thickness.

Table 3 summarises the results of measurements of the maximum charge states and

maximum energies of heavy ions forward accelerated by short (fs or sub-ps) laser pulses

with relativistic intensity in the range from ~1020 W/cm2 to ~1022 W/cm2. As expected,

the Zmax values increase with the increasing atomic/mass number of the ion and are the

highest for Au ions (Za = 79) for which they reach up to Zmax = 72. In the studied cases,

ionisation of target atoms was usually the result of a combination of collisional ionisation

with field ionisation; therefore, Zmax depends not only on the laser intensity, IL, but also

on the laser pulse duration, τL, and the target thickness, LT (an increase in τL and LT can

increase the number of electron–ion collisions and lead to an increase in the ionisation

probability). The maximum ion energies achieved in the considered laser intensity range

reach up to ~2 GeV. They depend on IL, but the key parameter determining these energies

seems to be the laser fluence FL = ILτL. The maximum ion energy depends of course on the

target thickness. Reducing LT favours increasing Emax, but usually leads to a decrease in

the number of generated ions. Therefore, obtaining the desired values of Zmax and Emax

requires an optimal balance between at least three parameters of the laser-target system: IL,

FL (or τL) and LT.
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Table 3. Maximum charge states, Zmax, and maximum energies, Emax, of heavy ions accelerated forward

by an ultrafast laser. IL, τL, and EL are the intensity, duration, and energy of the laser pulse, respectively.

Element Zmax
Emax,
GeV

IL,
1020

W/cm2

τL,
fs

EL,
J

References

56Fe26 ~25 0.9 10 35 8 [92]
108Ag47 45 ≥2.2 50 40 12 [95]
197Au79 56 0.2 0.8 35 1.3 [93]
197Au79 ~50 ≥1 8 140 ~100 [94]
197Au79 61 1.1 110 22 15 [12]
197Au79 72 ≥1.4 4 500 185 [96]
197Au79 58 1.6 3–5 850 200 [98]
197Au79 51 2 3 800 175 [99]

In parallel with the experimental research, theoretical studies on laser-driven heavy

ion acceleration were conducted, based primarily on numerical simulations using particle-

in-cell (PIC) codes [69,74,75,99–107]. Usually, two-dimensional (2D PIC) codes were ap-

plied, and sometimes one-dimensional (1D PIC) and three-dimensional (3D PIC) codes

were used. Numerical simulations were performed for relativistic laser intensities in

the range from ~1020 W/cm2 to ~1022 W/cm2, achievable by ultrafast lasers in the last

decade, and laser pulse durations from ~30 fs to 600 fs. The acceleration of super-heavy

ions (Au) was most often studied [69,74,75,99,103,105–107], but also the acceleration of

heavy ions with lower mass numbers such as Fe ions [100–102] or Cu ions [104] was in-

vestigated. In the simulations, targets of various thicknesses and structures were used,

starting from sub-micrometre flat single-layer targets (with thicknesses from 10 nm to

500 nm) [69,99,101,104–106] to double-layer [74,75,102,104,107] and multi-layer [100] tar-

gets comprising layers with different atomic numbers. The studies carried out cov-

ered a very wide range of issues and concerned, in particular, acceleration mechanisms

(e.g., identification of conditions for the occurrence/dominance of the RPA, TNSA, RITA

or CEA mechanism [69,75]), mechanisms of ionisation of target atoms and accelerated

ions [104–106], properties of generated ion beams and their dependence on laser pa-

rameters (e.g., intensity or duration of the laser pulse [69,75,105]) and/or target parame-

ters [104,106,107], and many other issues. These studies enabled a fairly comprehensive

understanding of the heavy ion acceleration process in the studied range of laser intensi-

ties, improved theoretical models of this process, and opened the way to improving the

parameters and quality of generated heavy ion beams.

In summary, the increase in the peak power of ultrafast lasers from the TW level to

the PW level observed in the last two decades and the accompanying increase in laser

intensity by several orders of magnitude, up to the level of 1022 W/cm2, resulted in the

increase in the energy of accelerated heavy ions from ~1 MeV to ~1 GeV, as well as a

significant increase in other ion beam parameters such as beam intensity and fluence or the

number of generated multi-charge high-energy ions. Theoretical and numerical studies on

laser-driven heavy ion acceleration conducted during this period significantly expanded

our knowledge of this process, helped explain and interpret measurement results, and

pointed the way towards further improvement of in the parameters of generated heavy

ion beams.

4. Acceleration of Heavy Ions at Ultra-High Laser Intensities

The results of the studies summarised in Section 3 have shown that at laser intensities

in the range of 1020–1022 W/cm2, it is possible to produce heavy ions, including super-
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heavy ions, with energies of ~1 GeV. However, for most of the potential applications of

heavy ions in such domains as nuclear physics, particle physics, HEDP or ICF, ion energies

of multi-GeV and higher, up to ~TeV, are required. Achieving such ion energies seems

possible at ultra-high intensities of ~1023–1024 W/cm2 or higher. Recently constructed

multi-PW femtosecond lasers [10–13] enabling the generation of ultra-high laser intensities

of ~1023 W/cm2 [13] and designed fs lasers with pulse powers up to 100 PW and laser

intensities of ~1024 W/cm2 [10,14–16] allow us to believe that laser-driven acceleration

of heavy ions, including super-heavy ions, to energies of tens or even hundreds of GeV

is feasible and will be experimentally demonstrated in the near future. The production

of ion beams with such ion energies and other beam parameters enabling their effective

use in various possible applications requires comprehensive studies, both experimental,

theoretical and numerical. Although laser intensities of 1023 W/cm2 have already been

demonstrated [13], experimental studies on the acceleration of heavy ions at such intensities

and higher are still at the design stage. Currently, only theoretical and numerical studies of

heavy ion acceleration at ultra-high laser intensities are possible. It can be believed that

they will allow for the understanding of the acceleration mechanisms and properties of

heavy ion beams generated at such intensities, will be helpful in the design and preparation

of appropriate experiments, and will outline the perspectives of various applications of

such beams.

These studies are currently being developed, but are still at a very early

stage [5,64,65,108–112]. They require advanced numerical tools, including PIC codes

that take into account physical phenomena that do not occur at lower laser intensities,

such as, for example, radiative losses due to the emission of synchrotron radiation by

ultra-relativistic electrons produced by the laser [113–118] and, at intensities approaching

1024 W/cm2, also quantum effects (e.g., production of electron–positron pairs and a cascade

of other phenomena) [108,112,114,115,117,118].

In this section, we will present selected results of numerical studies of heavy ion

acceleration at laser intensities of ~1023 W/cm2 performed recently by the authors of

this article. The numerical simulations underlying this study were performed using the

multi-dimensional (2D3V) PICDOM code [119], which takes into account, in particular,

the dynamic ionisation of target atoms and accelerated ions, as well as the radiation

losses induced by the synchrotron radiation emission. Most of the results of this study

have not been published so far. In Section 4.1, we present the results of studies on the

acceleration of super-heavy ions driven by a multi-PW femtosecond laser pulse, while in

Section 4.2, we show some results obtained for heavy ion beams accelerated by a high-

energy (>100 kJ) picosecond laser pulse, made with the aim of using such beams in inertial

confinement thermonuclear fusion.

4.1. Acceleration of Super-Heavy Ions by a Multi-Petawatt Femtosecond Laser

The results of studies discussed in this sub-section are based on PIC simulations

of the acceleration of super-heavy ions generated from ultra-thin (≤100 nm) solid-state-

density Au, Pb, Bi or U targets irradiated by a 30-fs circularly polarised laser pulse with a

wavelength of 0.8 µm, a beam width (FWHM) dL = 3 µm, and a peak intensity from

5 × 1022 W/cm2 to 2 × 1023 W/cm2. Such laser pulse parameters are expected

to be achieved in ultrafast multi-PW lasers already in operation or under construc-

tion [10–13]. It was assumed that the targets have the same areal mass density equal to

σ = ρLT =1.36 g/m2, where ρ is the mass density and LT is the thickness of the target (this

areal mass density corresponds to the thicknesses of the Au, Pb, Bi, and U targets of 50.5 nm,

100 nm, 119 nm, and 51.4 nm, respectively). More details about the simulation parameters

can be found in [65].
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As already stated in Section 3, the efficiency of heavy ion acceleration strongly depends

on the ratio of the charge state of the ion to its atomic mass, i.e., the Z/A ratio. Achieving

high values of this ratio enabling highly effective acceleration of super-heavy ions, therefore

requires achieving very high values of the charge state Z, which is not easy due to the

high ionisation potentials of such ions. In the acceleration of super-heavy ions, ionisation

processes play a much more important role than in the case of light ions for which, due to

relatively low ionisation potentials, achieving high values of the Z/A ratio is much easier.

In particular, light ions completely devoid of electrons can be obtained at relatively low

laser intensities of ~1020–1021 W/cm2 and ionisation of the (ultra-thin) target occurs almost

instantaneously (usually within a few fs). Therefore, in the case of light ions, we usually

deal with the acceleration of one type of ion with a charge state Z = Za ≈ 1/2 A (Za is

the atomic number of the target atom). In the case of super-heavy ions/atoms, even at

ultra-high intensities ≥1023 W/cm2, achieving full ionisation of the atom (ions completely

stripped of electrons) is usually not possible, the target ionisation is not instantaneous (it

lasts at least several dozen fs), and the generated plasma is a collection of many types of ions

with various charge states. Although at ultra-high laser intensities the process of ionisation

of atoms and ions seems less complex than for lower intensities (<<1023 W/cm2), because

only one type of ionisation—field ionisation—occurs (impact ionisation is negligible),

the ionisation spectrum of super-heavy ions is usually very complex. Knowledge of the

properties of this spectrum is therefore essential for understanding the acceleration process

of such ions and its possible optimisation.

Figure 4 presents the ionisation spectrum of Au, Pb, Bi, and U ions in the final stage of

ion acceleration by a 30-fs laser pulse with an intensity of IL = 1023 W/cm2. As can be seen,

the structure of the ionisation spectrum in the final acceleration stage for all the super-heavy

ions studied is fairly similar. In each of the cases considered, a large number of ion species

with different charge states are produced, but in each case the spectrum is dominated

by Ne-like ions and Ni-like ions. The relatively high populations of Pd-like, Ni-like, and

Ne-like ions in spectra in the Figure can be a result of the fact that the remaining completely

filled d10 shells or p6 shells of Ne-like ions are relatively stable, i.e., the energy of electron

detachment from such a shell is much greater than the energy of detachment from unfilled

shells. As shown in [65], Ne-like ions are actually created only by the laser field in the RPA

acceleration stage, while ions with lower charge states are created by both the laser field

and the TNSA-like field induced in the plasma by relativistic laser-generated electrons.

Both the average charge state Zmean of the ions and the absolute value of the charge state

of the Ne-like ions increase with the increasing atomic number of the target Za. With the

increasing Za, the ratio of the population of Ne-like ions to the population of Ni-like ions

also increases and in the case of uranium, the population of Ne-like ions clearly dominate

the population of other ion types. Except for a small number of ions with a charge state

higher than that of the Ne-like ions, the latter have the highest Z/A ratio and thus their

acceleration efficiency should be the highest (see below).

Two-dimensional (2D) distributions of charge state and density of Au, Pb, Bi, and U

ions are presented in Figure 5. The charge state distributions of Au, Pb, Bi, and U ions

are similar. Low-energy ions, concentrated close to the initial target position (x = 1 µm)

have low charge states, while high-energy ions are highly charged ions with very similar

charge states (for these ions practically one colour dominates in each of the four presented

distributions). As a more detailed analysis shows, the high-energy ions, especially those

propagating near the laser axis (y = 0) are dominated by Ne-like ions with charge state 69

for Au, 72 for Pb, 73 for Bi, and 82 for U. The 2D density distributions of Au, Pb, Bi, and

U ions are also similar to each other and their shape largely reproduces the shape of the

ion charge state distributions. As it results from the analysis of acceleration stages earlier
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than those in Figure 5, in the first stage of acceleration, lasting for a period close to the

laser pulse duration, the RPA mechanism dominates—first RPA-HB and then RPA-LS. In

this stage, a dense bunch of high-energy highly charged ions is formed, which propagates

forward near the laser axis. In the post-RPA stage, ions are accelerated mainly by the

TNSA mechanism. This mechanism leads not only to an increase in ion energy, but also

to a broadening of the ion energy spectrum. In the post-RPA stage, the CEA (Coulomb

explosion acceleration) mechanism also has a significant influence on the properties of the

ion beam. CEA accelerates ions in all directions, especially in directions transverse to the

beam axis, which results in the scattering of a significant part of ions into a large solid angle

(this can be seen in Figure 5) and an increase in the angular divergence of the ion beam,

as well as a broadening of its energy spectrum. As a result of the destructive influence

of CEA on the generated ion beam (and partly TNSA and plasma instabilities), only the

paraxial part of the ion beam has a relatively small angular divergence (see below) enabling

its propagation over distances significantly exceeding the size of the ion source without a

dramatic decrease in ion density. Moreover, in this part of the beam, ions with the highest

energy and the highest charge state are accumulated. This allows us to assume that the

paraxial part of the beam is the most useful from the point of view of potential applications

of laser-accelerated super-heavy ions.
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Figure 4. The ionisation spectra of Au, Pb, Bi, and U ions in the final stage of ion acceleration.

IL = 1023 W/cm2.

Since the properties of the ion beams illustrated in Figures 4 and 5 and described

above are qualitatively very similar for Au, Pb, Bi, and U ions, we will demonstrate

other properties of the super-heavy ions only for one of the considered ion types, namely,

Au ions.

Figure 6 shows the energy spectra of Au ions for Ne-like ions and several other high-

charge, high-energy ion species for the whole ion beam (a) and for the paraxial beam (b).

The paraxial beam was selected from the whole gold ion beam by a 5-µm diaphragm placed

on the axis (y = ±2.5 µm) at a distance of x = 30 µm from the target. It can be seen that

for both the whole ion beam and the paraxial beam the high-energy part of the spectrum

extending from ~2 GeV to ~60 GeV is dominated by Ne-like ions, while the contribution of
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the other ion species to this part of the spectrum for the paraxial beam is clearly smaller

than for the whole beam.

tt
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Figure 5. The 2D spatial distributions of the charge state (a–d) and the ion density (e–h) of Au, Pb,

Bi, and U ions in the final stage (150 fs) of ion acceleration driven by a 30-fs laser pulse of intensity

IL = 1023 W/cm2. The colours in sub-Figure a–d correspond to charge states (ionisation levels) with Z

values presented on the linear colour scale on the right side of each sub-Figure. The colours in the

sub-Figure e–h correspond to the ion densities (in units of 1021 cm−3) presented on the logarithmic

colour scale on the right side of the sub-Figure.
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Figure 6. The energy spectra of Au ions recorded at the end of simulation (t = 240 fs): (a) for all

ions (black curves) and ions with high energies and high Z; (b) for all ions in the paraxial beam

(black curves) and ions with high energies and high Z in the beam. The paraxial beam was selected

from the whole gold ion beam by a 5-µm diaphragm placed on the axis (y = ±2.5 um) at a distance

x = 30 µm from the target. IL = 1023 W/cm2.

The dominance of Ne-like ions (Z = 69) in the generated Au ion beam is even better

seen in Figure 7, which shows the numerical values of the total energy carried by Au ions

with charge state Z (a) as well as the mean (b) and maximum (c) energies of these ions for

the whole ion beam (green) and the paraxial beam (red). In the case of the whole beam,

Ne-like ions carry 90% of the beam energy, while in the case of .the paraxial beam, the

energy stored in Ne-like ions exceeds 95% of the (paraxial) beam energy. Moreover, in

both cases, the mean and maximum energy of Ne-like ions is much higher than those of

the other ion species. We can therefore state that the generated Au ion beam, especially

the paraxial beam, is actually a mono-charge beam. As shown in [64,65], the dominance

of Ne-like ions in beams of super-heavy ions accelerated by an ultra-high intensity laser

pulse is an inherent feature of these beams in a rather wide range of intensities around

1023 W/cm2, resulting from the matching of the laser intensity to the energy level structure

of super-heavy ions.

Significant differences between the characteristics of the whole generated Au ion beam

and its paraxial part, which largely determine the usefulness of the ion beam in possible

applications, are especially clearly visible in the angular distributions of mean ion energy

and ion energy fluence Fi =σiEi. This is illustrated in Figure 8. As can be seen, the angular
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distributions of both ion fluence and mean ion energy for the whole beam are much wider

than for the paraxial beam. This is the result, on the one hand, of the contribution to the

acceleration process of the CEA mechanism pushing ions in directions transverse to the

beam axis, and on the other hand, of the inhomogeneity of the spatial distribution of the

laser beam intensity, which causes the generation (on the slopes of the distribution) of

ponderomotive forces directed transverse to the beam axis and accelerating electrons and

ions at a large angle to the axis.

 

Figure 7. The total energy carried by Au ions with charge state Z (a) as well as the mean (b) and

maximum (c) energies of these ions for the whole ion beam (green) and the paraxial beam (red).

IL = 1023 W/cm2.

The angular divergence of the paraxial beam (measured by the width of the angular

distribution of the fluence or energy of ions) increases with the increasing width of the

beam-limiting aperture, dap. It is obvious that with the increase in dap the beam energy Eb

and the number of ions Ni in the beam will increase. However, the utility of the ion beam

is determined not only by Eb and Ni, but also by many other beam parameters that can be

controlled by changing the dap. Figure 9 shows the dependence of Ni and the ion beam

energy fluence (averaged over the aperture area), Fb, in the Au ion beam on the aperture

width dap. As can be seen, although the number of ions increases with the increase in the

aperture size, the ion beam energy fluence Fb decreases with the increase in dap and is the

highest for the paraxial beam. This is because the average ion energy takes the highest

values in the paraxial region. Thus, although the total ion energy and the number of ions

in the whole beam are higher than for the paraxial beam, other beam parameters that
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determine its usability, such as the mean and maximum ion energy and the beam intensity

and fluence, are clearly higher for the paraxial beam.

 

Figure 8. The angular distributions of energy fluence (a) and mean energy (b) of Au ions for the

whole beam (green) and the paraxial beam (red). IL = 1023 W/cm2.
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Figure 9. The total number of ions Ni and the ion beam energy fluence (averaged over the aperture

area) in the Au ion beam as a function of the beam-limiting aperture width dap. IL = 1023 W/cm2.

It can be expected that with the increase in the laser pulse intensity, IL, the energy

of Ne-like ions, dominating in the ion beam and determining its main parameters, will

increase. However, since the number of generated Ne-like ions depends on the degree

of matching of the laser intensity to the structure of energy levels of gold atoms, it is not

clear whether other parameters characterising the beam, in particular, the total energy

carried by Ne-like ions, Eb, and the efficiency of conversion of laser energy to Ne-like ions,

η, will also increase with the increase in IL. The answer to this question can be found in

Figures 10 and 11, which show the dependence of Emean and Emax as well as Eb and η on

the laser intensity IL for the whole Au ion beam and the paraxial beam.



Photonics 2025, 12, 184 25 of 44

ffi η

η

 

Figure 10. The dependence of the mean and maximum energy of Ne-like Au ions on the laser intensity

for the whole beam (green) and the paraxial beam (red). The arrows point to the axis to which the

given relationship applies.
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Figure 11. The dependence of the Ne-like ions total energy and the laser-to-Ne-like ions energy

conversion efficiency for the whole beam (a) and the paraxial beam (b).

As expected, the mean and maximum energy of Ne-like ions increases with increasing

laser intensity for both the whole beam and the paraxial beam. However, the dependence

of the efficiency of laser energy conversion into Ne-like ion energy η is more complex.

For the whole beam, this dependence has a non-monotonic course with a maximum near

IL = 1023 W/cm2, while in the case of the paraxial beam, the conversion efficiency decreases

with the increasing IL. This results from the fact that the optimal laser intensity ensuring the

maximum efficiency of ionisation of gold atoms to the charge state corresponding to Ne-like

ions lies in the intensity range of (3.3–8.9) × 1022 W/cm2 [65], i.e., close to the lowest IL

value assumed in the simulations whose results are presented in Figures 10 and 11.

In summary, the results presented in this sub-section have shown that the dominant

mechanism of acceleration of super-heavy ions from sub-micrometre targets at ultra-high

laser intensities is RPA, but TNSA and CEA also have a noticeable effect on the final

parameters of the ion beam. Although TNSA and CEA mechanisms increase the ion energy

achieved in the RPA acceleration stage, they also lead to an increase in the beam angular

divergence and a broadening of its energy spectrum. In the RPA stage, the target atoms

and then the resulting ions are ionised by the laser field, while in the post-RPA stage,

additionally by the field induced in the plasma by high-energy electrons generated by the
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laser. Despite the fact that many ion species with different charge states are created in

the ionisation process, at laser intensities of ~1023 W/cm2, the vast majority of the beam

energy is carried by Ne-like ions (e.g., for Au Z = 69), which also have much higher mean

and maximum energies than the other ion species. This mono-chargeability of super-

heavy ion beams is an inherent feature of these beams resulting from matching the laser

intensity to the energy level structure of super-heavy atoms. The efficiency of laser energy

transformation into the energy of a super-heavy ion beam accelerated by a femtosecond

pulse of ultra-high intensity is very high and can exceed 30%. However, for potential

applications, the paraxial part of the beam seems to be the most useful. The paraxial beam

is actually a mono-charge beam (Ne-like ions carry over 95% of the beam energy), and has

a small angular divergence enabling its practical use at large distances from the target.

4.2. Acceleration of Heavy Ions by a High-Energy Picosecond Laser

As shown in Section 4.1, using multi-PW lasers generating femtosecond pulses with

ultra-high intensity of ~1023 W/cm2, it is possible to produce heavy ion beams with ion

energies of ~100 GeV and ion beam energies Eb approaching 100 J. However, some potential

applications of laser-accelerated heavy ion beams require much higher parameters than

those achievable using femtosecond lasers. These include inertial confinement (thermonu-

clear) fusion (ICF) in the so-called ion fast ignition (IFI) option, in which a nuclear fuel

(usually deuterium-tritium—DT) compressed to high densities is ignited by an intense ion

beam [120–128]. Achieving fuel ignition in the IFI option of ICF requires a picosecond ion

beam (light or heavy ions) with extremely high parameters, in particular, the beam energy

Eb > 10 kJ and the beam intensity Ib~1020 W/cm2 [127–130]. Moreover, the mean ion energy

in the quasi-monoenergetic energy spectrum should be well matched to the fuel density,

and in the case of heavy ions, it should usually be of the order of 100 MeV/u [127–131].

Achieving such beam parameters in conventional RF accelerators in the foreseeable future

is rather unlikely, but it seems possible using picosecond lasers with very high energy

above 100 kJ. The possibility of achieving the beam parameters required for IFI by heavy

ion beams driven by a picosecond laser with energy of 150–250 kJ was investigated by the

authors of this paper and presented in [66]. Example results of these studies, obtained

from simulations using the PICDOM code, are shown in Figures 12 and 13. They illustrate

how the ion beam parameters crucial for thermonuclear ignition depend on the atomic

number of the ion accelerated by a picosecond laser with energy of 200 kJ. The comparison

presented in these Figures was made for ions produced from Al, Ti, Cu, Ag, and Au targets

with the same areal mass density σ = ρLT = 2.2 mg/cm2. σ ρ

 

tt
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Figure 12. Energy spectra of Al, Ti, Cu, Ag, and Au ions accelerated by a 1-ps laser pulse with

an intensity of 5.2 × 1022 W/cm2 and energy of 200 kJ for a paraxial ion beam limited by a 50-µm

aperture corresponding to the size of the compressed DT nuclear fuel. Dependencies for Au and Ag

have been multiplied by 5 for better visualization.
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Figure 13. The peak fluence and energy (a) as well as peak intensity and duration (b) of the Al, Ti,

Cu, Ag, and Au ion beams produced by a 1-ps laser pulse with an intensity of 5.2 × 1022 W/cm2 and

energy of 200 kJ for a paraxial ion beam limited by a 50-µm aperture corresponding to the size of the

compressed DT nuclear fuel.

As can be seen from Figure 12, for all considered ion types, it is possible to produce an

ion beam with a quasi-monoenergetic spectrum; however, the width of the spectrum and

the mean energy of the ions, Emean, depend on the type of ion. The narrowest spectrum and

the highest Emean value of ~100 MeV/u are found for Cu ions. The observed differences

in the energy spectra of the considered ion types result from differences in the Z/A ratio

for these ions, as well as from certain differences in the acceleration mechanisms of these

ions [66].

The dependence of the parameters determining the possibility of thermonuclear

ignition in the IFI option, i.e., the peak fluence and energy of the ion beam, as well as the

peak intensity and duration of the beam, on the type of accelerated ion is presented in

Figure 13. As can be seen, the highest values of fluence, energy and intensity of the ion

beam and the shortest ion pulse duration are obtained for Cu ions. Moreover, in the case of

the Cu ion beam, the absolute values of these parameters meet the IFI requirements for the

conditions considered, while for the remaining ion types only some of these requirements

are met.

The presented results prove that for fixed laser parameters (energy, power, and inten-

sity) it is possible to identify the type of ion with the optimal mass number A ensuring

the achievement of the highest values of ion beam parameters determining thermonuclear

ignition. It should be noted, however, that for a given laser power and energy, changing

the laser beam intensity (e.g., by changing the laser focal spot size on the target) can lead to

a change in the optimal ion mass. It can be expected that increasing the laser intensity will

result in a shift of the optimal ion mass towards higher values of A, while decreasing the

intensity will lead to a shift of the optimal mass towards lower values of A.

In conclusion, the studies conducted by the authors of this article—the example

results of which are presented above—have shown that achieving thermonuclear igni-

tion of DT fuel by a heavy ion beam is basically possible with realistic laser and fusion

target parameters.
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4.3. Discussion

As is well known, when the parameter χe ≈ 0.09IL[1023 W/cm2]λ[µm] is ~1 or higher

quantum effects in laser–matter interaction become important [132,133]. In the known

numerical studies of heavy ion acceleration in which some quantum effects were included

in the 2D PIC code, the laser intensity was <1024 W/cm2, and the values of χe were

~0.3 [110,112] or <0.8 [111]. However, in these works, no significant influence of quantum

effects included in the simulation on the parameters of the ion beam (Au ions) was found.

In our studies presented in this article (Section 4), the values of the parameter X were as

follows: for laser fs pulses (Section 4.1) χe ≤ 0. 15 (in most cases χe ≈ 0.07) and for ps pulses

(Section 4.2) χe ≤ 0.04. Moreover, both fs and ps laser beams had circular polarisation

for which the efficiency of generation of relativistic electrons is lower than for linear

polarisation [1,2] and the probability of quantum effects occurrence is lower, especially

when the ion acceleration process is dominated by the RPA-LS mechanism [117,118]. The

influence of quantum effects in the cases studied by us could therefore be neglected.

Despite the “non-quantum” nature of laser–plasma interaction, the emission (“classi-

cal”) short-wavelength synchrotron radiation (Gamma radiation) by relativistic electrons

due to radiation friction forces [113–118] was significant. It was found that the efficiency

of laser energy transfer to synchrotron radiation depends not only on the laser intensity,

but also quite strongly on the laser pulse duration. For 30-fs pulses with an intensity

of 1023 W/cm2, this efficiency was ~several percent, while for a 1-ps pulse with twice

lower intensity it reached several dozen percent (~20–30% for heavy ions and ~30–40%

for light ions) [128,134,135]. As shown in our works [134,135], the radiation is emitted

primarily from the plasma region in which the laser field (both incident and reflected from

the critical plasma surface) interacts with relativistic electrons accelerated by laser-induced

ponderomotive forces. The most intense radiation emission takes place in the skin lay-

ers of the plasma located near the central region of the laser beam, where the laser field

strength is the highest. In these plasma regions, the radiation power density is extremely

high and for a 1-ps laser pulse with an intensity of ~5 × 1022 W/cm2 reaches values of

~1025–1026 W/cm3. The duration of the synchrotron radiation pulse is close to the duration

of the laser pulse, and thus the power of this radiation is very high. At a 1-ps pulse energy

of 200 kJ, the peak power and energy of radiation emitted from a low-Z target (e.g., C

target) can reach ~70 PW and ~60 kJ, respectively [134,135]. With the increase in the atomic

number of the target, the laser-radiation energy transfer efficiency decreases and for heavy

ions it is by a factor of ≥1.5 lower than for light ions [135], but still the radiation pulses

from high-Z targets have very high power and energy reaching tens of PW and tens of

kJ [135].

Radiational losses associated with the emission of Gamma radiation accompanying ion

acceleration at ultra-high laser intensities lead to a decrease in the values of practically all

important parameters of the generated ion beam (maximum and mean ion energy, intensity,

fluence and energy of the ion beam, etc.). In the case of laser-driven ion accelerators

intended for thermonuclear fusion (Section 4.2), the decrease in ion beam parameters

caused by these losses can reach several dozen percent [128,134,135]. In addition, powerful

Gamma radiation pulses can pose a serious threat to the fusion facility infrastructure. From

this point of view, the emission of this radiation during ion acceleration is a parasitic

phenomenon. On the other hand, the controlled generation of multi-PW pico- or sub-

picosecond Gamma-ray pulses from a laser accelerator can be used in new research areas

and applications difficult to explore with the current Gamma-ray sources.
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5. Challenges Facing Research on Laser-Driven Ion Acceleration

Despite the significant progress in the laser-driven heavy ion acceleration research over

the past two decades, this research can still be considered to be in its early stages. There are

many challenges ahead of this research, both cognitive and technological, especially when

viewed from the perspective of potential applications of future laser-driven ion accelerators.

Below we outline the more important of these challenges.

5.1. Control of the Ionisation Spectrum and Generation of Mono-Charge Beams

As shown earlier in this article, unlike a beam of light ions, a beam of laser-accelerated

heavy ions contains a large number of ion species with different values of the charge state

to ion mass ratio Z/A. Since this ratio determines the efficiency of ion acceleration by

laser-induced electric fields in the plasma and is distributed heterogeneously in the plasma,

this multi-charge of the ion beam is one of the most important, inherent properties of the

heavy ion beam, which determines to a large extent other beam characteristics such as the

energy spectrum of accelerated ions, the beam angular divergence, the degree of spatial

homogeneity of the beam parameters (ion energy, beam fluence, and intensity) or the energy

efficiency of beam acceleration. For this reason, the key challenge for heavy ion acceleration

is to find ways to control the beam ionisation spectrum. The discovery of the possibility

of generating a mono-charge beam of super-heavy ions by matching the laser intensity to

the energy level structure of the ion/atom at ultra-high intensities [64,65] is an important

step forward towards controlling the ionisation spectrum of heavy ions. However, further

progress is needed in this matter, in particular, finding ways to control this spectrum for

various types of ions and different laser beam parameters is still an important and current

research task.

5.2. Generation of Ion Beams with a Narrow Energy Spectrum

In many potential applications of laser-accelerated heavy ion beams, a narrow en-

ergy spectrum of the ions is desirable. Unfortunately, the energy spectrum of heavy

ions demonstrated in real or numerical experiments performed today is broad (usually

∆E/<E> ~ 1 or wider) at both moderate and high laser intensities. Basically, with the help of

appropriate transport and selection systems, a part of this spectrum with a small width (e.g.,

∆E/<E> ~ a few percent) can be separated; however, this is usually associated with huge

beam energy losses, which may put in question the usefulness of the ion beam. The main

reason for the broad spectrum of heavy ions, apart from the multi-charge of the ion beam

mentioned above, is the complex process of heavy ion acceleration in which a significant

role is usually played by no less than three acceleration mechanisms: RPA, TNSA, CEA

(with a suitably thin target and/or a suitably long laser pulse, the RITA mechanism may

also play an important role in this process). TNSA and CEA generally cause the broadening

of the energy spectrum; therefore, minimising their contribution to the acceleration process

may be a way to narrow the spectrum. Minimising the contribution of these two mecha-

nisms may, however, be associated with a decrease in the maximum and mean ion energy

and, consequently, with a decrease in other parameters such as beam intensity and fluence.

Even if TNSA and CEA were eliminated from the acceleration process, the RPA acceleration

is also not free from factors causing spectrum broadening such as non-uniform temporal

and spatial distribution of laser beam intensity—resulting in a non-uniform distribution of

ion velocities already at the initial stage of acceleration—or plasma instabilities (Raileigh-

Taylor and others) developing during acceleration. Generating a beam of heavy ions with

a narrow energy spectrum while maintaining the highest possible energy efficiency of

acceleration is therefore a very difficult task waiting to be solved.
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5.3. Acceleration of Heavy Ions to Teraelectronvolt Energies

Different potential applications of laser-driven heavy ions have different require-

ments for ion energy and the spectrum of desired ion energies ranges from sub-MeV to

TeV. Experimentally measured energies of heavy ions (mainly Au ions) accelerated at

laser intensities not exceeding 1022 W/cm2 reach 2 GeV (see Table 3), while the maxi-

mum energies of super-heavy ions demonstrated in numerical simulations reach values of

~100 GeV at IL ≈ 1023 W/cm2 [65] and ~200 GeV at IL ≈ 7 × 1023 W/cm2 [111]. Studies

carried out so far show that a natural way to increase the ion energy is to increase the

intensity and/or energy (actually fluence) of the laser pulse. The increase in ion energy is,

however, limited by many factors, which are particularly evident in the case of relativistic

ions and ultra-high laser intensities. One of the known and obvious factors in the case

of relativistic ions is the increase in ion mass with the increase in its velocity (at the Au

ion energy of 1 TeV, the ion mass is 6 times higher than its rest mass). Another factor

that may play an important role in the acceleration of such ions is the limitation of ion

velocity associated with the limited group velocity of the laser beam [136,137]. With the

increase in IL values in the region of ultra-high laser intensities ≳ 1023 W/cm2, “parasitic”

phenomena limiting ion energy intensify. A particularly important “parasitic” phenomenon

accompanying ion acceleration is the emission of electromagnetic radiation by relativistic

electrons produced in laser–plasma interactions. It is the result of multi-photon Thomson

and/or Compton scattering, in which an electron absorbs many photons from a laser

beam and then scatters them into a single high-energy emitted photon. The value of

the parameter χe ≈ 0.09IL[1023 W/cm2]λ[µm] [132,133] determines whether the radiation

emission process is of classical or quantum nature. If χe ≪ 1, then the radiation emission

process has a classical nature and is described by multi-photon Thomson scattering, while if

χe ≳ 1 (IL ≳ 1.1 × 1024 W/cm2 at λ = 1 µm), then the process has a quantum nature and is

described by multi-photon Compton scattering. In the presence of a strong laser field, the

high-energy photons produced in this process can produce electron–positron pairs by the

Breit–Wheeler or the Trident process. The electrons and positrons produced in such a way

can produce further photons by Compton scattering and further electron–positron pairs,

leading to the formation of QED (quantum electrodynamic) cascades. The increase in laser

intensity leads to the intensification of the above and other possible “parasitic” processes

and at certain intensities the laser energy losses associated with these processes can be quite

large that the ion acceleration process enters saturation. In the case of acceleration of heavy

ions, the quantitative influence of “parasitic” processes occurring during the interaction

of ultra-intense light with plasma on the ion acceleration is not known. It is therefore not

known whether acceleration of heavy ions to TeV energies is feasible, and if that is the case,

what are the physical conditions enabling the achievement of such ion energies. Clarifying

the above issues and possibly developing an efficient method of accelerating ions to such

energies seems to be one of the most serious scientific challenges facing laser-driven heavy

ion acceleration.

5.4. Reducing the Ion Beam Angular Divergence

An important parameter of the ion beam, which largely determines its practical utility,

is the angular divergence of the beam. The complexity of the heavy ion acceleration

process and, in particular, the occurrence of several acceleration mechanisms and the

variety of accelerated ion species, causes the angular divergence of the heavy ion beam

to be generally large, usually much larger than in the case of light ions. Among several

factors influencing the angular distribution of energy, fluence or intensity of generated ions,

the most specific factor for heavy ions is the significant contribution to the acceleration

process of the CEA mechanism. This mechanism accelerates ions in all directions, including
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directions transverse to the laser beam axis. If at certain acceleration stages the CEA

contribution becomes comparable to the RPA contribution, then a significant part of the

ions is accelerated in directions transverse to the main ion propagation direction, which is

usually the laser beam propagation direction. An important factor influencing the angular

divergence of the ion beam is also the non-uniform spatial distribution of the laser beam

intensity, which results in the generation of ponderomotive forces directed transverse to

the beam axis and accelerating ions in non-axial directions. As shown in Section 4.1, the

angular divergence of the heavy ion beam can be significantly reduced (from >60 degrees

to ~10 degrees) by selecting from the whole beam its paraxial part with a transverse size

comparable to the laser beam size. However, this is associated with a significant loss

of the total ion energy, and thus a significant reduction in the efficiency of laser-to-ions

energy conversion. Finding a way to produce a beam of heavy ions with a small angular

divergence while maintaining high energy efficiency of acceleration remains an important

problem waiting for an effective solution.

5.5. Increasing the Laser-to-Ions Energy Conversion Efficiency

An important parameter of a laser-driven accelerator, which largely determines the

size and compactness of the accelerator, is the laser-to-ions energy conversion efficiency η.

In heavy ion acceleration, the value of this parameter usually increases with the increasing

laser intensity and at ultra-high intensities ≥ 1023 W/cm2 can reach even several dozen

percent [53]. Such high energy efficiencies of acceleration currently demonstrated in

numerical experiments, however, refer to the whole generated ion beam (all accelerated

ions), which at the current stage of research has relatively low quality (large angular

divergence, wide energy spectrum). The development of methods for high-energy efficient

generation of high-quality heavy ion beams is another practically important task requiring

a solution.

5.6. Development of Numerical Tools

Laser-driven acceleration of heavy ions is a complex process, the detailed and com-

prehensive study and reliable description of which by analytical methods is not possible.

Progress in the research of this process requires—apart from the development of experi-

mental tools—further intensive development of numerical tools used in these studies. This

concerns the development of multi-dimensional computer codes covering as many physical

phenomena relevant to this process as possible (including quantum effects) and increasing

computer power to be able to replace the currently commonly used two-dimensional codes

with three-dimensional codes. It also seems necessary to increasingly include machine

learning in these studies, which can be extremely useful in the search for the optimal set of

laser and target parameters to achieve the desired characteristics of the ion beam.

5.7. Development of Ultrafast High-Peak-Power Laser Drivers

In order to achieve the research goals outlined above, it is necessary to develop the

research infrastructure, first of all ultrafast high-peak-power laser drivers. Currently, there

are several ultrafast lasers in operation in the world that generate laser pulses with a

duration of several dozen fs, peak power in the range of 1–10 PW, and energy up to several

hundred J [10–13]. The currently achieved intensities of focused beams of these lasers

usually do not exceed 1022 W/cm2 (in one of these lasers a higher intensity of 1023 W/cm2

was measured [13]). However, the potential of these lasers is greater and by improving

the quality of the laser beam and its focusing systems, it seems possible to achieve laser

intensities of ~1023 W/cm2. If the increase in laser pulse intensity was accompanied by

an increase in its intensity contrast ratio, which would allow the use of ultrathin targets

(<50 nm thick) in ion acceleration studies, it can be expected that the maximum energies
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of generated heavy ions could reach several tens of GeV. However, a further increase in

the energy of heavy ions, up to the sub-TeV range, requires a new generation of ultrafast

lasers, i.e., lasers generating fs laser pulses with a power of ~100 PW, energy of ~several kJ,

intensity of ~1024 W/cm2, and intensity contrast ratio > 1013. Although advanced projects

of such lasers already exist [10,14–16], the construction of such research infrastructure will

require a great scientific, technological, and financial effort and seems possible only in the

next decade. As a device intended for fundamental/scientific research, such lasers do not

require high repetition rates, and they do not necessarily have to meet other requirements

specific to devices used for applications. However, a laser-driven heavy ion accelerator

that could compete with conventional accelerators requires an even more complex laser

infrastructure, in which a relatively compact laser driver with power ≥ 100 PW and

multi-kJ energy operates with a high repetition rate (>>1 Hz). In addition, such a driver

should provide high repeatability and flexibility of parameters and include many other

features typical of conventional accelerators generating ion beams for various applications.

The rational design and construction of such an accelerator will be possible only after

gaining the necessary experience and knowledge from experimental devices currently

being designed.

A separate and even more technologically demanding task is to design and build

a laser driver generating ion beams for fast ignition of thermonuclear fusion, which—

according to current knowledge—should generate laser pulses with a duration of 1–10 ps,

power ~ 100 PW, and energy ~ 100–300 kJ. Such lasers require a different technology than

femtosecond lasers and it will probably be a technology based in part on the experience of

the technology for large high-energy lasers currently used in ICF research.

5.8. Development of Target Technology and Measurement Methods and Devices

The development of laser drivers should be accompanied by the development of

technology for producing targets used in research on the laser acceleration of ions. Although

the progress in this technology has been impressive in recent years (see e.g., [60]), new

technological solutions that enable the optimal adjustment of target characteristics to

laser parameters, especially in new ranges of laser intensities and energies following the

development of laser drivers, are still desirable. These solutions should expand the range

of available target thicknesses, densities and shapes, and enable the production of complex,

multi-layer targets, including targets containing nano- or micro-layers with controlled

density and spatial structure. Since more and more lasers used for ion acceleration will

operate with a high repetition rate, the technology of targets designed for this type of lasers

should be developed. In the longer term, this technology should ensure mass and possibly

cheap production of such targets.

The development of research on laser acceleration of heavy ions also requires the

development of methods and devices for diagnosing various parameters of generated ion

beams. In particular, it is necessary to extend the range of measured ion energies (to the

range of tens of GeV, and then sub-TeV and perhaps TeV range) and other parameters of the

ion beam dependent on this energy. It is also highly desirable to increase the precision of

measurements of various beam characteristics such as the ion energy spectrum, ionisation

spectrum, spatial distribution of ion energy in the beam, etc. In the long term, these

diagnostics should enable the measurement of parameters of ion beams generated with a

high repetition rate.

6. Perspectives for the Application of Laser-Driven Heavy Ion Beams

The development of ultrafast high-peak-power lasers and the related progress in

research on laser-driven heavy ion acceleration opens up the prospect of unique appli-
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cations of heavy ion beams produced in laser accelerators in various domains. These

include, in particular, nuclear and particle physics, high energy-density physics, inertial

thermonuclear fusion, and materials science. Each of the above domains requires different

ion beam parameters, the achievement of which requires overcoming different research

and technological challenges.

6.1. Nuclear and Particle Physics

Short, pico- or sub-picosecond durations and extremely high intensities and densities

of heavy ion beams driven by ultrafast high-peak-power lasers open up the prospect of

research in nuclear and particle physics on new time scales and with ion beam–target

interaction efficiency unattainable so far. In particular, some low-cross-section and/or

transient nuclear reactions difficult to measure using ion beams produced by conventional

accelerators could be possible to be studied. An example are the nuclear phenomena

planned to be studied within the research program of the ELI-Nuclear Physics laser infras-

tructure, in which an ultrafast 10 PW laser would be used [138,139]. The aim of one of

the topics in this program is to investigate the production of neutron-rich heavy nuclei by

a new reaction mechanism called fission–fusion, using laser-accelerated thorium (232Th)

ion beams [138,139]. These studies are of high importance for nuclear astrophysics and

their results could be a significant step towards understanding the nature of the creation

of heavy elements in the universe. An experimental investigation of this problem using

ion beams produced in conventional accelerators has not been possible so far because the

required ion beam parameters were unattainable in these accelerators. In particular, the

parameters of the thorium ion beam should be as follows: average ion energy ~1.6 GeV,

ion number ~1011, beam intensity and fluence 1020 W/cm2 and ~1018 cm−2, respectively.

Numerical studies presented in [109,140] have shown that achieving such parameters is in

principle possible with the intensity and power of the multi-fs laser pulse of ~1023 W/cm2

and ~10 PW, respectively. Such laser pulse parameters are expected to be achieved in the

ELI-Nuclear Physics infrastructure; however, to generate a thorium ion beam of sufficiently

high quality required for conducting research on the production of neutron-rich heavy

nuclei (a beam with a narrow energy spectrum and small angular divergence), a laser driver

with higher parameters will probably be needed.

The increase in the energy of heavy ions to the level of ~1 GeV/u (i.e., energy

~ 200 GeV for A ~ 200) enables the study of quantum chromodynamic (QCD) effects

such as the production of pions and kaons as well as equations of state for nuclear mat-

ter [141]. The possibility of producing gold ions of such energy at a laser intensity of

~7 × 1023 W/cm2 was demonstrated in numerical simulations presented in [111]. Achiev-

ing such laser intensities seems possible using currently designed next-generation ultrafast

lasers with power reaching ~ 100 PW. Further increase in the energy of laser-driven heavy

ions up to ~1 TeV would enable a significant extension of QED studies and, in particular,

the production of a highly exotic state of matter called quark-gluon plasma (QGP). The

QGP is a state of matter consisting of an extended volume of interacting quarks, antiquarks,

and gluons. Such a state of matter is thought to have existed a few microseconds after

the Big Bang. The study of this new state will help to answer some of the key questions

of nuclear and particle physics as well as the early evolution of the universe. The ion

energy required to produce quark-gluon plasma decreases with an increasing ion mass

number [110]; therefore, collisions of beams of super-heavy ions of appropriate energy and

high intensity/fluence could be an effective source of QGP. Although laser-driven acceler-

ators can potentially deliver heavy ion beams with intensities/fluences several orders of

magnitude higher than conventional accelerators, achieving ion energies of ~1 TeV is an
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open question, mainly due to the as yet unexplored influence of the “parasitic” phenomena

(see Section 5) on the heavy ion acceleration process.

It can be believed that the development of laser-driven heavy ion accelerators, which

in particular, will provide an extension of the range of achievable ion energies, will be

accompanied by the expansion of research areas in nuclear and particle physics, in which

laser-generated heavy ion beams can be effectively used.

6.2. High Energy-Density Physics

The high energy density (HED) state of matter is defined as a state in which the density

of energy stored is higher than 0.1 MJ/cm3 [142]. The production of HED states and the

study of their properties are important for many fields of science, including thermonuclear

fusion, astrophysics, planetary science, and materials science. Such states of matter can

be produced by chemical explosions, lasers, Z-pinch devices and intense particle beams,

including heavy ion beams [143,144]. The advantage of the latter is, in particular, the ability

to create HED states basically in any dense material, deep penetration of the material, and

usually quite good uniformity of the energy distribution deposited in the material.

The key parameters characterising the ability of the ion beam to create HED states

are the energy deposited per gram of matter [144]: 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. The estimates made in [4]

showed that when a heavy ion (Pb) beam generated by an ultrafast multi-PW laser with

an energy of ~200 J interacts with a carbon target, the Es value reaches ~1 GJ/g while

the value of Ps is above of 1020 W/g. For comparison, the Es and Ps values predicted for

heavy ion beams produced by very large RF-driven heavy ion accelerators, such as the

FAIR accelerator (GSI, Darmstadt) or the HIAF accelerator (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, respectively (assuming an energy deposition time of ~100 ns) [144]. Thus, the Es

and Ps values estimated for a multi-PW laser-driven heavy ion beam are many orders of

magnitude higher than those achievable for some of the largest conventional accelerators. It

should be emphasised, however, that the volume of matter in which the ion beam energy is

deposited will be much smaller in the case of a laser-generated beam than for a beam from a

conventional accelerator.

In addition to the very high intensity and density of laser-driven heavy ion beams,

another important parameter that largely determines the nature of the beam–target in-

teraction is the very short (ps or sub-ps) beam duration. This causes the time of energy

deposition in the target to be much shorter than the period of time in which the target

material parameters change due to its hydrodynamic motion. The interaction of the ion

beam with the target is therefore isochoric in nature. Such an isochoric regime of beam–

target interaction is difficult to achieve in the case of ion beams generated by conventional

accelerators due to the long (ns or longer) durations of these beams.

The unique properties of laser-driven heavy ion beams, resulting in the extremely

high values of deposited energy Es and power Ps demonstrated in the above exam-

ples, as well as very short energy deposition times, open up the prospect of studying

new regimes of ion–beam interaction with matter, unattainable or barely attainable for

conventional accelerators.

6.3. Inertial Confinement Fusion

One of the important potential applications of laser-driven heavy ions is inertial con-

finement fusion (ICF) in the so-called ion fast ignition (IFI) option (e.g., [120–128]). In

this option, nuclear fuel (e.g., DT) compressed to high densities by many multi-ns laser
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beams or X-rays is ignited by the interaction of a very intense picosecond ion beam with

the fuel. Compared to the traditional ICF option, in which fuel ignition is a result of its

temperature increase accompanying fuel compression, IFI enables fuel ignition and high

energy gain of the fusion system with reduced requirements for the compressed fuel and

lower total energy of laser drivers. The ion beam parameters required for fuel ignition

are, however, extremely high (see sub-sec. 4.2) and at least some of them (beam intensity

~ 1020 W/cm2, ps ion pulse duration) are beyond the capabilities of conventional accelera-

tors. Laser-driven ion accelerators offer the chance to achieve these parameters.

For fuel ignition in the IFI option, both light ions, including protons, and heavy ions

can be used. Heavy ion beams have several advantages over light ion beams, particularly

the following, (e.g., [66]): (i) The number of ions required for ignition is much smaller

than for light ions. (ii) The required ion beam intensities and fluences can be potentially

achieved without focusing the beam in the fuel. (iii) Heavy ion beams enable higher energy

densities to be deposited in the fuel. (iv) They are less sensitive to (parasitic) electric and

magnetic fields occurring in the environment of the compressed fuel. On the other hand,

achieving the beam parameters desired for fuel ignition requires significantly higher laser

intensities for heavy ions than for light ions. This is primarily due to the fact that the ion

energies that ensure efficient deposition of the ion beam energy in the fuel increase with

the increase in the ion mass.

The ion energies required for IFI in the case of heavy ions with relatively low mass

numbers A ~ 50–100 are of the order of 5–10 GeV; therefore, they are achievable with

laser driver parameters similar to those predicted for already constructed multi-PW lasers

such as ELI-NP. These lasers are also capable of generating ion beams with ps durations.

Therefore, some issues related to IFI can be experimentally studied in the coming years

using existing or emerging ultrafast high-peak-power lasers. However, full-scale ICF

research in the IFI scenario using heavy ion beams with parameters enabling the ignition

of nuclear fuel requires, according to current knowledge, picosecond lasers with energies

of ~100–300 kJ (see Section 4.2), i.e., with energies 2–3 orders of magnitude higher than

the energies of ultrafast lasers operating today. The prospect of building such lasers is

difficult to determine at present, because it depends not only on technological capabilities

but also on political decisions. Regardless of this, it can be assumed that the expanding

range of other applications of laser-generated heavy ion beams and the increase in power

and energy of next-generation ultrafast lasers will stimulate the continuous development

of research on the use of these beams in ICF

6.4. Materials Science and Technology

Laser-driven heavy ions can also find applications in some areas of materials sci-

ence. One of them is the implantation of ions in near-surface layers of various materials

(e.g., [145–150]) in order to modify and/or improve the properties of these layers. The

main advantage of laser ion sources for implantation over traditional sources (e.g., small

conventional accelerators) is the ability to produce ions of virtually any element, as well

as the ease of changing one type of ion for another (simply by changing the target). The

ion energies required in this application depend on the type of material being implanted

and the thickness of the layer in which the ions are to be implanted. Usually, the required

energies are not very high and range widely, from several tens of keV to several tens of

MeV. Such heavy ion energies are achievable using long-pulse lasers. Energies below

1 MeV can be obtained using commercial lasers with energy ≤ 1 J, which can operate

with a high repetition rate (~10 Hz or higher) [7] Multi-MeV heavy ion energies require

much higher energies of long-pulse lasers, usually ~10–100 J, which most often operate

with a very low repetition rate (<<1 Hz) [8,9]. Another parameter of the ion beam that
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determines its usefulness in ion implantation is the number of ions in the beam. Long-pulse

lasers usually produce a much larger number of ions than ultrafast lasers with similar laser

energy, which is, on the one hand, a result of the larger volume of plasma generated by

the former (due to their much larger laser focal spot size on the target), and on the other

hand, a longer time of ion production in one shot (longer laser–target interaction time). For

this reason, in the case of implantation of ions with low energies (several dozen—several

hundred keV), long-pulse lasers are much more efficient than ultrafast ones, especially

since such ion energies can be achieved using relatively cheap commercial nanosecond

lasers operating with a high repetition rate. However, when it comes to implantation of

heavy ions with energies of ~multi-MeV, the production of which by long-pulse lasers

requires high laser energies that make it impossible to work with a high repetition rate,

ultrafast lasers can be more efficient for ion implantation than the long-pulse ones. This

is primarily due to the fact that such heavy ion energies can be achieved using ultrafast

laser drivers with relatively low energies (~1–10 J), which allow them to work with a high

repetition rate. For this reason, the total number of ions implanted in the material per unit

time can be orders of magnitude higher than in the case of using a long-pulse laser driver

for implantation. However, the use of ultrafast lasers operating at a high repetition rate for

heavy ion implantation involves the need to overcome additional challenges.

To produce a beam of heavy ions with a mean energy of ~1 MeV, the intensity of a

femtosecond laser pulse at the target should be ≥1019 W/cm2. This means that for a 100-fs

pulse, the laser energy fluence is ≥MJ/cm2, at which a micrometre target is destroyed in no

more than a few dozen ns. For repeatable ion generation, a fresh target is necessary after

each laser shot. The design of targets that meet this condition is known [68]. It can be, for

example, a thin metal tape moving in the focus of the laser beam at a speed adjusted to the

laser repetition rate. Therefore, by using a target with a design appropriately matched to

the laser parameters, one can avoid heat accumulation in the target and other “parasitic”

effects when generating ions with a high repetition rate.

Another issue that needs to be investigated is the possibility of accumulation of

“parasitic” effects in the implanted material when illuminating it with an ion beam with

a high repetition rate. As already mentioned, the laser beam parameters required for the

production of MeV heavy ions can be achieved using a femtosecond laser with an energy

of ~1–10 J (peak pulse power in the range of 10–100 TW). Both the repetition rate of such

a laser and the target “refresh” rate (e.g., tape speed) are technically and economically

limited and are usually in the multi-Hz not multi-kHz range (as in the case of low-energy

fs lasers used, e.g., in materials processing [151–153]). In one shot, such a laser can produce

~1010–1011 ions with a mean energy of ~1 MeV, which corresponds to an ion beam energy of

~1–10 mJ. If the beam illuminates the surface of the implanted material of ~0.1 cm2 with a

frequency of 10 Hz, the average beam intensity on this surface is ~0.1–1 W/cm2. Assuming

that the ions penetrate the material to a depth of ~1 µm [147], the power density deposited

by the ion beam in the material is ~1–10 kW/cm3. Heat accumulation in the material can

therefore be noticeable, although much smaller than under typical conditions of material

processing with multi-kHz low-energy fs lasers [151,152]. The power density deposited by

the ion beam in the material depends on the type and energy of the ions and the properties

of the material. It can be controlled, in particular, by the laser repetition rate and the size of

the surface illuminated by the ion beam.

In order for a laser source of heavy ions driven by an ultrafast laser to become practi-

cally useful and competitive with traditional sources, significant effort is needed towards

(at least) the following: improving the spatial homogeneity of the ion beam, minimising

the beam angular divergence, controlling the energy spectrum of the ions, increasing the

repetition rate, ensuring a small scatter, and the stability of the beam parameters.
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Laser-driven heavy ion beams can also be useful in other areas of materials science.

In particular, they can advance research on the behaviour of materials under extreme

pressure and/or temperature generated in the material by an ion beam, the study of phase

transitions in the material, and others.

7. Summary and Conclusions

Laser-driven ion acceleration is a new, rapidly developing field of research and one

of the important applications of ultrafast high-peak-power lasers and laser-produced

plasma. In this acceleration method, strong electric fields with strengths reaching tens and

hundreds of GV/cm, induced by an ultrafast laser in the plasma generated by the laser–

target interaction, enable the acceleration of ions to relativistic velocities on picosecond time

scales and at sub-millimetre distances. Using this method, both light and heavy ions can be

accelerated, but the latter require much higher laser intensities due to their higher mass, as

well as other properties different from those of light ions. For this reason, the development

of research on laser-driven heavy ion acceleration and the achieved parameters of heavy

ion beams are strongly coupled with the development of ultrafast high-peak-power lasers,

primarily with the increase in their peak power and laser beam intensity. The increase

in the peak power of ultrafast lasers from the TW level to the PW level observed in

the last two decades and the accompanying increase in laser intensity by several orders

of magnitude, up to the level of 1022 W/cm2, resulted in the increase in the energy of

accelerated heavy ions from ~1 MeV to ~1 GeV, as well as a significant increase in other ion

beam parameters such as beam intensity and fluence or the number of generated multi-

charge high-energy ions. Further increase in ion beam parameters, including the increase in

ion energy to multi-GeV level is possible using currently operating multi-PW lasers, such

as ultrafast ELI lasers, provided that the intensity of the generated laser beams increases to

~1023 W/cm2. The production of heavy ion beams with ion energies of tens and hundreds

of GeV, i.e., energies comparable to those achieved in large heavy ion accelerators, requires

next-generation ultrafast laser drivers (currently designed) with peak power ~100 PW and

laser intensity reaching 1024 W/cm2.

Laser-driven heavy ion beams—especially those produced at ultra-high laser intensi-

ties (~1023 W/cm2 or higher)—have a number of unique properties unattainable for beams

produced in conventional RF-driven accelerators. These include extremely high beam in-

tensities, densities and fluences and very short, pico- or sub-picosecond ion pulse durations.

This creates the prospect of using these beams to explore new areas of research in nuclear

and particle physics and high energy-density physics, as well as in other fields of research,

e.g., inertial confinement fusion. However, many challenges must be overcome to make this

prospect a reality. These include the following: (1) Increase in ion energy to sub-TeV and

possibly TeV levels (important primarily for applications in nuclear and particle physics).

(2) Energy-efficient control of the ion energy spectrum and its narrowing. (3) Control of the

beam ionisation spectrum, enabling the generation of mono-charge beams for a wide range

of ion mass numbers. (4) Minimisation of the ion beam angular divergence. (5) Increase in

the energy efficiency of the generation of high-quality (mono-charge, quasi-monoenergetic,

low-divergence) ion beams.

To overcome these challenges, further intensive development of experimental, theoret-

ical, and numerical studies of laser-driven heavy ion acceleration is necessary, especially in

the range of ultra-high laser intensities ~1023–1024 W/cm2, which seem to be possible to

achieve with the next generation of ultrafast high-peak-power lasers.
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66. Badziak, J.; Domański, J. In search of ways to improve the properties of a laser-accelerated heavy ion beam relevant for fusion fast

ignition. Phys. Plasmas 2023, 30, 053107. [CrossRef]

67. Hora, H. Physics of Laser Driven Plasmas; Wiley: New York, USA, 1981.

68. Eliezer, S.; Nissim, N.; Martinez Val, J.M.; Mima, K.; Hora, H. Double layer acceleration by laser radiation. Laser Part. Beams 2014,

32, 211. [CrossRef]

69. Petrov, G.M.; McGuffey, C.; Thomas, A.G.R.; Krushelnick, K.; Beg, F.N. Generation of heavy ion beams using femtosecond laser

pulses in the target normal sheath acceleration and radiation pressure acceleration regimes. Phys. Plasmas 2016, 23, 063108.

[CrossRef]

70. Roth, M.; Blazevic, A.; Geissel, M.; Schlegel, T.; Cowan, T.E.; Allen, M.; Gauthier, J.-C.; Audebert, P.; Fuchs, J.; Meyer-ter-Vehn, J.;

et al. Energetic ions generated by laser pulses: A detailed study on target properties. Phys. Rev. ST Accel. Beams 2002, 5, 0613001.

[CrossRef]

https://doi.org/10.1017/S0263034606060046
https://doi.org/10.1063/1.2981199
https://doi.org/10.1103/PhysRevLett.92.015002
https://doi.org/10.1103/PhysRevLett.93.155003
https://doi.org/10.1017/S0263034600183211
https://doi.org/10.1134/1.1866599
https://doi.org/10.1103/PhysRevE.59.7042
https://doi.org/10.1103/PhysRevB.62.13167
https://doi.org/10.3367/UFNe.0185.201501f.0077
https://doi.org/10.1017/S0263034606060459
https://doi.org/10.1063/1.2436857
https://doi.org/10.1088/1367-2630/15/8/085015
https://doi.org/10.1038/s41467-018-03063-9
https://www.ncbi.nlm.nih.gov/pubmed/29463872
https://doi.org/10.1103/PhysRevLett.105.135002
https://doi.org/10.1063/1.5094045
https://doi.org/10.1103/PhysRevLett.107.115002
https://www.ncbi.nlm.nih.gov/pubmed/22026679
https://doi.org/10.1063/1.3587110
https://doi.org/10.1088/1361-6587/ac77b6
https://doi.org/10.1063/5.0177116
https://doi.org/10.1063/5.0147298
https://doi.org/10.1017/S0263034613001018
https://doi.org/10.1063/1.4953546
https://doi.org/10.1103/PhysRevSTAB.5.061301


Photonics 2025, 12, 184 41 of 44

71. Snavely, R.A.; Key, M.H.; Hatchett, S.P.; Cowan, T.E.; Roth, M.; Philips, T.W.; Stoyer, M.A.; Henry, E.A.; Sangster, T.C.; Singh, M.S.;

et al. Intense High-Energy Proton Beams from Petawatt-Laser Irradiation of Solids. Phys. Rev. Lett. 2000, 85, 2945. [CrossRef]

[PubMed]

72. Brenner, C.M.; Robinson, A.P.L.; Markey, K.; Scott, R.H.H.; Gray, R.J.; Rosiński, M.; Deppert, O.; Badziak, J.; Batani, D.; Davies,
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119. Domański, J.; Badziak, J. Generation of ion beams from a high-Z target irradiated by a laser pulse of ultra-relativistic intensity.

Acta Phys. Polon. A 2020, 138, 586. [CrossRef]

120. Tabak, M.; Hammer, J.; Glinsky, M.E.; Kruer, W.L.; Wilks, S.C.; Woodworth, J.; Campbell, E.M.; Perry, M.D.; Mason, R.J. Ignition

and high gain with ultrapowerful lasers. Phys. Plasmas 1994, 1, 1626. [CrossRef]

121. Roth, M.; Cowan, T.E.; Key, M.H.; Hatchett, S.P.; Brown, C.; Fountain, W.; Johnson, J.; Pennington, D.M.; Snavely, R.A.; Wilks, S.C.;

et al. Fast ignition by intense laser-accelerated proton beams. Phys. Rev. Lett. 2001, 86, 436. [CrossRef]

122. Bychenkov, V.Y.; Rozmus, W.; Maksimchuk, A.; Umstadter, D.; Capjack, C.E. Fast Ignitor Concept with Light Ions. Plasma Phys.

Rep. 2001, 27, 1017. [CrossRef]

123. Temporal, M.; Honrubia, J.J.; Atzeni, S. Numerical study of fast ignition of ablatively imploded deuterium-tritium fusion capsules

by ultra-intense proton beams. Phys. Plasmas 2002, 9, 3098. [CrossRef]

124. Key, M.H. Status of and prospects for the fast ignition inertial fusion concept. Phys. Plasmas 2007, 14, 055502. [CrossRef]
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