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Abstract.  We consider the effect of a pre-plasma layer inevitably 
present in experiments on the acceleration of electrons and ions 
during interaction of a relativistic femtosecond laser pulse with a 
dense plasma. The interaction regimes are identified in which the 
presence of such a layer can significantly increase the average and 
maximum energies of electrons. The regimes are discussed in 
which an artificial nanosecond prepulse makes it possible to pro-
duce a collimated electron beam with a high charge and an aver-
age energy of up to 10 ponderomotive energies in the direction of 
the reflected or incident laser beam. It is shown that the accelera-
tion of ions, as a rule, requires an ultrahigh contrast of the laser 
pulse, since the parameters of the accelerated ion beams deterio-
rate significantly in the presence of preplasma or due to the evap-
oration of a thin-film target. The regimes of interaction of laser 
pulses with thick targets, in which heavy multiply charged ions 
can be accelerated by cleaning the surface with a prepulse, are 
also discussed. An essential part of the review is devoted to the 
interaction of radiation with micro- and nanostructured targets. 
Both the methods of their fabrication and the issues related to the 
interaction of a femtosecond laser pulse and its contrast with such 
structures are considered.

Keywords: femtosecond laser pulses, contrast, prepulse, relativistic 
intensity, acceleration of electrons and ions, nanostructures, micro-
structures.

1. Introduction

Modern experimental studies on the interaction of laser 
radiation with matter are mostly focused on the regime in 
which the intensity of this radiation exceeds the so-called 
relativistic intensity I (W cm–2) » /a las0

2 2l    ´ 1.37 ´ 1018, 
where llas (mm) is the wavelength of laser radiation; a0 = 
eA0 /(me c) is the normalised vector potential; e is the elec-
tron charge; A0 is the amplitude of the vector potential; me 
is the electron mass; and c is the speed of light. Nowadays, 
the maximum intensity achieved in the experiment is 5.5 ´ 
1022 W cm–2 (a0 = 160) [1], and real experiments are carried 
out in the intensity range 1018 – 1020 W cm–2 (a0 ~ 1 – 16). 
In the near future, with the commissioning of new laser 
complexes within the framework of the ELI [2, 3] and 
other projects, a further increase in intensity up to 
1023  W  cm–2 is expected. Plasma formed during the inter-
action of such radiation with matter is an effective 
medium for accelerating electrons [4, 5], protons and 
heavy ions [6, 7], for obtaining directed beams of tera-
hertz radiation [8, 9], X-rays and gamma radiation [10], 
as well as for designing secondary sources of neutrons 
[11, 12] and positrons [13, 14].

The key objective is to obtain directed electron beams 
with energies from units of MeV to units of GeV [15 – 17]. 
These beams can be used for developing laser-plasma 
sources of betatron radiation [18– 20], for modelling astro-
physical phenomena in the laboratory [21], for ultrafast 
electron microscopy [22], for designing sources of brems-
strahlung X-ray radiation [23], for nuclear spectroscopy 
[24], and for phase contrast radiography [25]. The most 
advanced laser-plasma sources of accelerated electron 
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beams have been fabricated in a gas with a low 
(1017 – 1019  cm–3) density [26, 27]. At the same time, accel-
eration in a plasma with a near-critical density on the sur-
face of a solid target provides a much higher beam charge, 
usually accompanied with a greater divergence and a wide 
quasi-exponential energy spectrum [28 – 30].

All mentioned works are based on the chirped-pulse 
amplification (CPA) technology [31] and its optical para-
metric chirped-pulse amplification (OPCPA) version [32]. 
Recently, an understanding has been gained that the tempo-
ral structure of a femtosecond pulse can have a vital influ-
ence on the physical processes occurring during laser-
plasma interaction, especially in the regime of relativistic 
intensities and dense targets. This temporal structure can be 
quite complex and substantially depends on the features of 
the design of a particular laser facility [33 – 36]. Usually, 
part of the radiation that propagates in advance before the 
main pulse is characterised by the laser pulse contrast, 
which, however, can be different on different time scales – 
nano-, picosecond, and even subpicosecond. On the whole, 
the interaction of sufficiently intense radiation with the tar-
get before the arrival of the main pulse leads to the forma-
tion of a pre-plasma, which can both significantly degrade 
the characteristics of the generated beams of accelerated 
particles and X-ray photons, and contribute to a qualitative 
improvement of these characteristics, i.e., it makes it possi-
ble to control the laser-plasma interaction. In particular, 
this can be done by using additional laser pulses that form a 
pre-plasma with controlled parameters. Note that the pres-
ence of a pre-plasma must be taken into account when car-
rying out numerical simulations aimed at interpreting 
experimental results or at finding optimal interaction 
regimes.

This paper presents a review of the state-of-the-art 
research on the influence of the contrast of relativistically 
intense femtosecond laser radiation on its interaction with 
dense targets, on particle acceleration and generation of 
gamma radiation. In Section 2, the temporal structure of a 
femtosecond laser pulse is discussed in more detail, and 
the main components that must be taken into account 
(and measured) during research are identified. Section 3 is 
devoted to a general discussion of the effect of the contrast 

of a femtosecond laser pulse on the properties of the gen-
erated plasma and generation of the gamma radiation. 
Section 4 provides a review of works devoted to the forma-
tion of collimated beams of relativistic electrons from 
solid dense targets and the effect of contrast on this pro-
cess. Section 5 deals with the role of contrast for ion accel-
eration. Finally, Section 6 discusses the interaction of 
radiation with structured targets, for which the role of 
contrast is even more important than for solid targets. In 
Conclusions, the main results of the research are pre-
sented.

2. Contrast of a femtosecond laser pulse

The temporal structure of a femtosecond laser pulse is 
rather complex and is determined by such basic elements 
(Fig. 1a) as a long nanosecond pedestal of amplified spon-
taneous emission (ASE), short femtosecond pulses travel-
ling 5 – 100 ps ahead of the main pulse, and oscillations of 
the envelope at the pulse front.

Note that the use of a regenerative amplifier in the 
optical scheme of the laser will lead to the appearance of 
short pulses of significant amplitude, which are ~10 ns 
ahead of the main pulse and also significantly affect the 
processes of laser-plasma interaction [37, 38]. The charac-
teristics of a long pre-pulse of spontaneous parametric 
emission in the OPCPA scheme [32] are also somewhat dif-
ferent.

There are a number of reasons for the appearance of 
pre-pulses. On a nanosecond time scale, they are the result 
of incomplete suppression of pulses preceding the main 
one in the master oscillator train by Pockels cells. On a 
picosecond scale, they are the result of scattering on lat-
tices, uncompensated dispersion [39, 40], or nonlinear 
transformation [41 – 43] in the active element of the 
stretcher – amplifier – compressor system. Finally, there is 
a pedestal several nanoseconds long, associated with 
amplified spontaneous emission [44]. Accordingly, for the 
numerical characterisation of the temporal structure of 
the pulse, the concept of contrast K is introduced: the 
inverse ratio of the peak intensity of the main pulse to the 
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Figure 1.  (a) Typical temporal structure of a laser pulse [( 1 ) main pulse; ( 2 ) picosecond pedestal; ( 3 ) picosecond pre-pulse; ( 4 ) ASE pedestal; ( 5 ) 
nanosecond pre-pulse] and (b) the dependence of the intensity corresponding to the plasma formation threshold (data taken from [45]) for gold 
(metal) and quartz (dielectric) on the pulse duration.
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intensity of one or another component of the temporal 
structure. In this regard, nanosecond and picosecond con-
trasts are distinguished, and the latter, as a rule, must be 
known on scales of both 10 – 100 and 0.1 – 1  ps.

For most solid targets, the plasma formation threshold 
at a nanosecond pulse duration is 109 – 1011 W cm–2 (Fig.  1b), 
while the typical ASE contrast, KASE ~ 10–5 – 10–8 (if addi-
tional methods of contrast enhancement are not used) 
[33, 39], which causes the appearance of a pre-plasma when 
the intensity of the main pulse approaches 1018 W cm–2. The 
formation of a pre-plasma under the action of ASE was 
experimentally discovered by Key et al. [46], and in modern 
experiments on the interaction of ultraintense laser radia-
tion with matter, information about the parameters of the 
pre-plasma layer turns out to be critically important [47]. A 
plasma cloud can also be produced under the action of 
nanosecond and picosecond pre-pulses, the durations of 
which are comparable to the duration of the main pulse, 
and the intensities exceed ~1013 W cm–2.

Even for one particular laser system, contrast can vary 
dramatically. Figure 2a shows a typical third-order auto-
correlation function of a femtosecond pulse for a terawatt 
laser system based on a Ti : sapphire crystal. The temporal 
profile of the pulse contains a pre-pulse at a delay Dt0 ~ 
– 20  ps (negative values of Dt0 correspond to pre-pulses 
coming in advance of the main pulse) with a contrast Kps 
~ 4 ´ 10–5. Spikes at times –5.5 and –3 ps are artifacts 
(‘ghosts’) of the correlator and are caused by multiple 
reflections in nonlinear crystals. The ASE contrast KASE  is 
~10–7 at Dt0 < – 50 ps. The contrast can be increased by 
using a scheme based on the generation of a cross-polar-
ised wave (XPW) in the laser system [48]; the contrast is 
improved by a factor of about 100, up to KASE ~ 10–9.

The ASE contrast can be controlled by varying the 
pump power of the master laser oscillator. Upon reaching a 
certain threshold for the pump power (which also depends 
on the alignment of the master oscillator), in addition to 
quasi-continuous femtosecond radiation, continuous-wave 
(cw) radiation appears [49]. Figures 2b and 2c show how the 
leading edge of the ASE (after the amplifiers) and the spec-
trum of the generated radiation (at the master oscillator 
output) change depending on the pump power of the master 
oscillator. The appearance of the cw component, despite the 
presence of a number of Pockels cells in the laser amplifier 

layout, leads to a deterioration in the KASE contrast from 
10–7 to ~10–5. The duration of such a pedestal is determined 
by the width of the time window of the Pockels cells and, in 
this case, is ~1.5 ns.

Contrast, as a quantity that determines the regime of 
interaction of a laser pulse with matter, is even more cru-
cial in the case of using bulk or surface structured tar-
gets. The reason is that pre-ionisation, ablation, and even 
melting under the action of both short pre-pulses and 
ASE can change the shape of the structures, reduce their 
aspect ratio, or, in the case of ‘poor’ contrast, produce a 
pre-plasma layer with a significant density of electrons, 
which will not allow radiation to penetrate to dense 
structured layers of the target. In this case, the smaller 
the size of the structures used, the stronger the influence 
of these effects. If during preliminary ionisation and 
hydrodynamic expansion the characteristic scale of 
expansion of an individual structure becomes compara-
ble to its size, then the main pulse will most likely interact 
with a quasi-uniform target. In addition, one should take 
into account the fact that structured samples have a 
reduced heat transfer into the target, which lowers the 
characteristic thresholds of ablation and melting in com-
parison with flat targets made of the same material. The 
strongest effect is exerted by ASE, which is difficult to 
suppress. It is the prolonged heating of the surface for 
hundreds of picoseconds/units of nanoseconds that most 
adversely affects the structures. Several times lower 
plasma formation threshold for structured targets was 
observed by Cristoforetti et al. [50].

The influence of pre-pulses on the properties of a 
plasma produced using structured targets is discussed in 
Refs [51, 52]. It is worth noting that Rajeev et al. [51] 
observed an opposite effect – an increase in the yield of 
X-ray radiation with an increase in the pre-pulse inten-
sity. Work [52] belongs to the earliest studies of this 
direction. Little attention was paid to detailed contrast 
measurements at that time. More detailed studies of the 
melting thresholds for various kinds of nanostructures 
under the action of pulses emulating ASE were carried 
out in [53, 54]. It was shown that the local melting 
threshold strongly depends on the method of fabricat-
ing the structures. For example, samples obtained by 
deposition of germanium nanowires onto a substrate 
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Figure 2.  (Colour online) (a) Autocorrelation function of the 3rd order of a femtosecond pulse without using the XPW scheme (solid line, KASE ~ 
10–7): ( 1 ) artifacts of the correlator scheme; ( 2 ) pre-pulse with a delay Dt0 = – 20 ps; ( 3 ) ASE level using XPW (dashed line, KASE ~ 10–9); (b) lead-
ing edges of pulses measured by a fast photodiode (Dt0 = – 3 ¼ – 0.6 ns, dashed lines) at master oscillator pump powers of ( 1 ) 4.5 and ( 2 ) 5 W, as 
well as a third-order autocorrelator (Dt0 = – 0.6 ¼ – 0.05 ns, solid lines) at pump powers of ( 3 ) 4.55, ( 4 ) 4.60, ( 5 ) 4.65, and ( 6 ) 4.70 W; (c) pulse 
spectra at pump powers of ( 1 ) 4.55, ( 2 ) 4.60, ( 3 ) 4.65 and ( 4 ) 4.70 W: peak ( 5 ) corresponds to cw radiation from the master laser oscillator.
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(with relatively weak adhesion to the substrate itself) 
have an order of magnitude lower threshold (less than 
0.03 J cm–2) than a smooth surface made of the same 
material. This fact, of course, should be taken into 
account when carrying out laser-plasma experiments 
using high-intensity radiation.

Even a rough estimate of the characteristic parameters 
of the pre-plasma formed by pre-pulses of various nature is 
a complex experimental problem. In the literature, one can 
find only a small number of works in which simple esti-
mates of the key plasma parameters (electron temperature, 
density, expansion velocity, etc.) are presented in a wide 
range of heating pulse parameters. Work [55] should be 
mentioned here. Nevertheless, the issues of the electron 
density profile and of the scale of the plasma expansion do 
not have a universal solution and still require the use of 
hydrodynamic calculations, as well as different experi-
mental methods for direct and indirect estimates of the 
plasma state in each specific case.

The main parameter discussed in the literature is the 
length of the pre-plasma gradient L. We should dwell on it 
in detail, since this parameter is often used in works to char-
acterise the regime of interaction of a laser pulse with a pre-
plasma layer. It is customary to define the length of the 
pre-plasma layer as L = |dlnne/dx| x

1
0

- ; this quantity is usu-
ally compared with the wavelength of laser radiation: L/l0. 
By default, the derivative is taken at point x0 [correspond-
ing to the electron density ne (x0) = n0], where laser radiation 
is absorbed (for example, n0 = nсr at normal incidence of 
laser radiation, and nсr is the critical electron density).

In the case of a short pre-plasma gradient (L/l0 £ 1), 
information about the length of the pre-plasma layer indeed 
allows one to assume the dominant mechanism of electron 
acceleration. Thus, in the case of L/l0 <<  1, vacuum heating 
manifests itself [56, 57], at a longer length (0.1 < L/l0 K 1) 
there occurs resonance absorption [58, 59] or j ´ B heating 
[5, 59, 60] (at a0 ³ 1 and L/l0 ~ 1). In particular, the devia-
tion of the direction of emission of hot electrons from the 
target from the normal to the direction of the radiation 
wave vector [61, 62] with increasing gradient length (or laser 
radiation intensity) is associated with the transition from 
resonant absorption to j ´ B heating.

With a further increase in the gradient length (L/l0 > 1), 
this parameter is still used, but it turns out to be insufficient, 
since in this case the processes associated with the propaga-
tion of a laser pulse in a plasma began to occur, the effi-
ciency of which largely depends on the distribution and 
value of the electron density ne. They include parametric 
processes [63], ponderomotive and relativistic self-focusing 
[5, 59], as well as ionisation defocusing [5] of a laser beam, 
etc.

The parameters of the electron density profile are deter-
mined using experimental methods and/or numerical simu-
lation. The simplest experimental method is shadow pho-
tography [62, 64 – 68]. Based on the size of the plasma 
shadow and on the assumption of the exponential shape of 
the low-density tail of the electron profile, one can estimate 
the length of the pre-plasma gradient in this region 
[62,  64 – 66]. This method also makes it possible to track 
changes in the shape of the pre-plasma cloud [69, 70], in 
particular, the appearance of plasma channels in it [67, 71]. 
Interferometry can be used for the same purposes  
[64, 68, 71 – 74], which makes it possible to reconstruct the 

electron density profile (up to the boundary of the shadow 
from the plasma cloud). The disadvantage of interferome-
try is the ambiguity of reconstructing the electron profile, 
for example, due to the assumption of its axial symmetry, 
which is not always true. A common disadvantage of these 
two methods is the impossibility of probing dense plasma 
regions (ne ~ ncr), in which laser radiation energy is absorbed 
or plasma waves are excited (at ne ~ ncr /4 [63]), without 
using X-ray sources [75]. Ivanov et al. [68] proposed to esti-
mate the length of the pre-plasma layer in the region of high 
[ne ~ (0.25 – 0.5)ncr] electron density by comparing the 
experimentally measured spectra of optical plasma radia-
tion (second and three-half harmonics of the fundamental 
radiation) with the spectra obtained from numerical parti-
cle-in-cell (PIC) simulation.

Usually, to determine the parameters of the pre-plasma 
gradient in a dense plasma, the experimental data obtained 
by interferometry or shadow photography are supple-
mented by the results of numerical 1D [28, 64, 67, 76 – 78] or 
2D [70, 72, 79] hydrodynamic modelling. It should be noted 
that 1D modelling does not allow two-dimensional distor-
tions of the pre-plasma gradient to be modelled [70], and 
can also unreliably describe the process of plasma expan-
sion [80, 81], and therefore should be used only for prelimi-
nary estimates.

3. Plasma formation and the role of contrast 
at relativistic laser radiation intensities

The most obvious diagnostics of the processes occurring 
during the interaction of high-power laser radiation with 
plasma is the measurement of the absorption coefficient of 
the incident radiation from the reflected laser beam. At the 
same time, in the case of relativistic intensities, reflection 
from the plasma is not specular (there is a strong distor-
tion of the laser beam in the plasma due to self-action and 
other nonlinear processes, as well as a significant diffuse 
component).

Singh et al. [82] measured the absorption coefficients of 
the laser radiation energy during the interaction of a laser 
pulse (t = 30 fs, l = 800 nm, incidence angle of q = 40°) with 
a thick aluminium target for a wide range of intensities 
(1017 – 1018 W cm–2) and KASE contrasts (10–5, 10–7, and 
10–9). The observed increase in the absorption coefficient 
with an improvement in contrast indicated an increase in 
the efficiency of conversion of the laser radiation energy 
into the kinetic energy of electrons. The highest absorp-
tion coefficient was observed at a contrast of 10–9: It was 
60 % – 70 % and 50 % – 60 % for p- and s-polarised laser 
radiation, respectively. At a contrast of 10–5, the absorp-
tion coefficient was 10 % lower. The smallest absorption 
coefficient was observed at KASE ~ 10–7: 45 % – 55 % and 
20 % – 35 % for p- and s-polarised laser radiation, respec-
tively. With the best contrast, Singh et al. [82] considered 
ponderomotive acceleration at a sharp plasma – vacuum 
interface as a radiation absorption mechanism; there was 
no discussion of the acceleration mechanisms with the 
deterioration of contrast in this work.

Far more informative diagnostics of the processes 
occurring during the interaction of high-power laser radia-
tion with plasma are the diagnostics of plasma brems-
strahlung radiation, as well as direct measurement of the 
characteristics of electron fluxes from the plasma. Indeed, 
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the spectra of X-ray and gamma radiation carry informa-
tion about the hot electrons formed in the plasma, their 
energy and angular spectra and, consequently, about the 
mechanisms of the appearance of such electrons, about the 
absorption of laser radiation energy in a dense plasma, etc. 
The first experimental works devoted to the influence of 
contrast on the energy and yield of characteristic X-ray 
radiation appeared in the 1990s [83 – 85]. In further stud-
ies, both the positive and negative effects of pre-pulses and 
the pre-plasma generated by them were considered using 
various experimental schemes.

In [86, 87], the interaction of a laser pulse (t = 50 fs, l = 
800 nm, I ~ 1018 W cm–2, p polarisation, KASE ~ 10–5, and 
q = 45°) with thick molybdenum plates was experimentally 
investigated. By switching off and misaligning the Pockels 
cells in the laser system, the contrast determined by the 
amplitude of a short pre-pulse 13 ns ahead of the main pulse 
was varied from 2.5 ´ 10–7 to 10–2. It was shown that the 
deterioration of the contrast Kns to less than 2 ´ 10–3 leads 
to a sharp (more than twofold) increase in the ‘temperature’ 
of the bremsstrahlung X-ray radiation from ~134 ± 9 to 
~300 keV (hereafter, we mean the exponent at exponential 
approximation of emission spectra or electrons). Note that 
in this case, ASE played a significant role in the formation 
of the pre-plasma gradient, since its intensity significantly 
exceeded the plasma formation threshold.

The results of comparative studies of the generation of 
bremsstrahlung gamma radiation under three different 
measurement regimes (Table 1) were presented in works 
[37].

In these experiments, a laser pulse (t = 45 fs, l = 
800  nm, I ~ 1018 W cm–2, p polarisation, and q = 45°) was 
focused on thick plates of steel and lead. Bremsstrahlung 
gamma radiation was recorded by a scintillation detector 
based on a NaI crystal [88]. In regime 2, the gamma radia-
tion temperature of 65 ± 10 and 180 ± 20 keV on a steel 
target at I ~ 7 ´ 1017 and 2 ´ 1018 W cm–2, respectively, 
correlated with the estimates for resonant absorption [89] 
and ponderomotive acceleration [90] (that is, in this 
regime, the main pulse interacted with a sharp pre-plasma 
layer, L/l <<    1). At a high ASE level (regime 1), a long 
(L/l > 100) and dense pre-plasma layer forms on the tar-
get surface, which leads to an increase in temperature to 
115 ± 10 keV on a steel target at I ~ 7 ´ 1017 W cm–2 and 
to 370 ± 120 keV on a lead target at I ~ 1018 W cm–2. A 
significant increase in temperature on a lead target is asso-
ciated with a lower threshold for plasma formation [69]. 
The introduction of a nanosecond pre-pulse into the tem-
poral structure at high KASE (regime 3), on the contrary, 
leads to a decrease in the gamma radiation temperature Th 
to 135 ± 10 keV on a steel target at I ~ 2 ´ 1018 W cm–2. 
In this case, a long but rarefied pre-plasma layer forms on 

the target surface, which leads to a decrease in the laser 
radiation intensity in the region of efficient generation of 
fast electrons. With poor KASE (regime 1), the effect of an 
additional increase in the gamma radiation temperature 
observed with an increase in the duration of the laser pulse 
from 45 to 350 fs with the conservation of its energy (that 
is, with a decrease in intensity). The temperature of gamma 
radiation increased to 640 ± 115 keV on a lead target at 
I ~ 1017 W cm–2.

It was experimentally shown in [91, 92] that the yield of 
characteristic X-ray radiation generated by irradiating thin 
(300 nm and 20 mm) Cu and Ti targets with a laser pulse (t 
= 150 fs, l = 800 nm, I ~ 1017 W cm–2, p polarisation, KASE 
~ 10–8, and q = 25 – 55°) can be optimised by varying the 
delay (Dt0 = – 5 ¼ – 25 ps) between the main pulse and a 
short artificial pre-pulse (t = 150 fs , I ~ 1014 W cm–2). 
Numerical PIC simulation has shown that this effect is 
associated with the optimisation of the absorption coeffi-
cient of laser radiation with a change in the length of the 
pre-plasma layer (L/l ~ 0.01 – 1).

In work [77], an electron beam was observed that was 
generated along the normal to the front surface of a thick 
copper target irradiated by a laser pulse ( l = 800 nm, 
KASE ~ 10–6, and q = 45°) at various intensities [I ~ 
(0.4 – 4) ́  1017 W cm–2 at t = 45 fs], durations (t = 45 – 1200  fs 
at a fluence of ~2 ´ 104 J cm–2) and polarisations. The 
appearance of the beam was attributed by the authors to the 
formation of a pre-plasma layer on the target surface due to 
ASE. The beam was observed accross the entire range of the 
varied parameters and had a divergence of ~20°. The elec-
tron temperature depended on the intensity as µI 2/3 and 
was 290 and 160 keV at I ~ 4 ´ 1017  W  cm–2 for p and s 
polarisations, respectively, which exceeds the estimate (the 
so-called Beg’s law [89]) Th » 215 (I18 l2mm)1/3 (keV) (here I18 
is the intensity of the incident radiation, normalised to 
1018  W cm–2, and lmm is the wavelength of the light wave in 
mm), which is usually associated with the effect of resonant 
absorption. With an increase in the laser pulse duration, the 
electron temperature decreased, which contradicts the 
results of [37], where the ASE contrast was an order of mag-
nitude worse (~10–5).

Thus, the ASE contrast plays the main role in the forma-
tion of a pre-plasma, which facilitates the absorption of 
laser radiation and the acceleration of electrons to energies 
significantly exceeding the ponderomotive energy upon 
focusing into vacuum, while short pre-pulses are not so 
important (if their amplitude is sufficiently small). 
Therefore, to produce a pre-plasma, it is better to use an 
artificial nanosecond pre-pulse, the parameters of which 
(energy, wavelength, and beam diameter) can be easily con-
trolled independently of the parameters of the main femto-
second pulse. In this case, the latter, generally speaking, 
should have good contrast values for all pre-pulses and 
ASE.

Jarrott et al. [76] investigated the yield of the character-
istic (Ka) and bremsstrahlung radiation generated by the 
interaction of a laser pulse (t = 40 ps, l = 1050 nm, e ~ 
300  J, I ~ 8 ´ 1017 W cm–2, and q = 16°) with a 12-mm-thick 
silver foil as a function of the contrast (Kns ~10–6, 10–5, or 
10–4) determined by a long artificial pre-pulse (t = 3 ns, l = 
1053 nm). The pre-pulse was 3 ns ahead of the main pulse. 
As the contrast deteriorated from 10–6 to 10–4, the yield 
of Ka radiation decreased from (10 ± 2) ´ 1011 to (3 ± 

Table  1.  Contrast of laser radiation in different measurement regimes 
[37].

Regime KASE

Picosecond pre-pulse Nanosecond pre-pulse

Delay/ps Kps Delay/ns Kns

1 10–5 25 5 ´ 10–3 12.5 2 ´ 10–6

2 10–8 12 6 ´ 10–7 12.5 5 ´ 10–8

3 10–8 12 6 ´ 10–7 12.5 3 ´ 10–4
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0.6) ´ 1011  quantum sr–1, as well as the yield of brems-
strahlung with an energy of less than 1 MeV. On the other 
hand, the yield of electrons (with an energy of 0 – 5 MeV), 
recorded by an electron spectrometer from the rear surface 
of the target, increased from 1 ´ 1012 to 5 ´ 1012 pcs MeV–1 
sr–1, and the total energy removal by electrons increased 
from 0.6 to 1.8 J. Therefore, Jarrott et al. [76] associated 
the decrease in the X-ray radiation yield with an increase 
in the conversion of laser radiation energy into the kinetic 
energy of electrons and with a decrease in the number of 
repeated passes through the target material of electrons 
returned by the ambipolar field of ions.

Santala et al. [62] investigated the directivity of a brems-
strahlung gamma-ray beam during the interaction of a laser 
pulse [t = 1 – 1.5 ps, l = 1054 nm, e ~ 20 – 50 J, I ~ (1 – 3) ´ 
1019 W cm–2, p polarisation, and q = 45°) with a thick com-
posite target made of tantalum (1.75 mm thick) and copper 
(3 mm thick). To produce a relatively short pre-plasma (L/l 
= 2.6 – 5.9), the duration of the ASE pedestal was varied 
from 0.3 to 1 ns (the KASE value is not indicated), and an 
artificial pre-pulse (6 % of the main pulse energy) arriving 
0.3 – 1.5 ns before the main pulse was used to generate a 
long pre-plasma layer. Gamma radiation was recorded 
using the activation reaction 63Cu(g, n)62Cu (reaction 
threshold 10 MeV) in copper blocks located around the tar-
get. At L/l ~ 1, an increase in the pre-plasma length led to 
a shift in the predominant direction of generation of gamma 
radiation from the normal to the rear surface of the target 
(which corresponds to resonance absorption) to the direc-
tion along the wave vector (which corresponds to j ́  B heat-
ing). The angular beam width was 35 – 40°, and the temper-
ature was 1 – 4 MeV. At large lengths of the pre-plasma 
layer (L/l  ~ 100), the direction of generation of gamma 
radiation became chaotic, changing from shot to shot.

Courtois et al. [64] characterised the source of brems-
strahlung gamma radiation in an experimental scheme close 
to that described in the previous paragraph. Laser radiation 
(t = 1 ps, l = 1053 nm, e ~ 30 J, I ~ 1019 W cm–2, p polarisa-
tion, and q = 45°) was focused on a thick composite target 
made of plastic (10 mm thick) and tantalum (2 mm thick). 
The pre-plasma was formed by an artificial pre-pulse (t = 
450  ps, e ~ 15 J, I ~ 1014 W cm–2, and Kps ~ 10–5), and its 
length L was varied from 20 to 60 mm by changing the delay 
between pulses. The angular distribution and energy spectrum 
of gamma quanta (in the energy range exceeding 10 MeV) 
were measured by the activation method in the reactions 
63Cu(g, n)62Cu (10 MeV threshold) and 12C(g, n)11C (19  MeV 
threshold) in blocks located around the target; dose and dis-
tribution of X-ray radiation (over 200 keV) were measured 
by silicon diodes. The structure and size of the radiation 
source were reconstructed by analysing the penumbra of a 
thick lead diaphragm. The gamma-ray beam was generated 
along the normal to the rear side of the target. With an 
increase in the length of the pre-plasma, the beam expanded 
(from 20 to 40°), and there was observed an increase in the 
temperature (from ~1.5 to 2.7 MeV), the flux (from 1 to 2.7 
´ 109 quanta sr–1) of gamma quanta, and the dose (from ~5 
to 12 mrad per 1 m of air) of X-ray radiation. A threefold 
decrease in the intensity of the main pulse did not affect the 
distribution of gamma quanta and the temperature of the 
source, but proportionally reduced the flux of gamma 
quanta and the dose of X-ray radiation. The size of the 
gamma-ray source was ~200 mm. Hot spots existing at L ~ 

20 – 40 mm disappeared when the pre-plasma was length-
ened, and the source structure became more symmetric and 
stable. Numerical PIC simulation showed that the variabil-
ity of the source structure and the appearance of hot spots 
in it at L ~ 40 mm are explained by the decay of the laser 
beam in the pre-plasma into separate filaments.

Malka et al. [67] determined the interaction regime 
not only by the pre-plasma parameters, but also by the 
intensity of the main pulse (t = 300 – 500 fs, l = 1058 nm, 
e ~ 15 J, I ~ 1019 W cm–2, KASE < 2 ´  10–8 at delays of 
more than 50  ps, and q = 0). A thin (0.3 mm) plastic target 
was used. The pre-plasma was produced by a counter-
propagating laser pulse (t  = 750 ps, l = 1058 nm, I ~ 
(3 – 5) ´ 1012 W cm–2, and q = 35°) focused on the film 
surface from its rear side. The delay between pulses was 
500 – 850 ps. The electron density ne in the pre-plasma 
layer was (0.1 – 0.2)ncr. At a radiation intensity of ~4 ´ 
1018 W cm–2, the temperature of electrons escaping from 
the rear side of the target was ~1 MeV. At an intensity of 
more than 5 ´ 1018 W cm–2, the plasma transmission 
increased from 5 % to 20 % – 30 %. A new electronic com-
ponent with a temperature of ~3 MeV and a maximum 
electron energy of up to 20 MeV appeared in the elec-
tronic spectrum. Shadowgraphy measurements and mod-
elling of the propagation of a radiation pulse with an 
intensity of ~6 ´ 1018 W cm–2 in the pre-plasma showed 
the presence of self-focusing, leading to the formation of 
a plasma channel. The radiation intensity in the channel 
reached ~1020 W cm–2. The appearance of a new elec-
tronic component is explained by the direct acceleration 
of electrons in the channel under the action of the Lorentz 
force ( j ´ B) by a laser pulse with an increased intensity.

Gizzi et al. [71] introduced two artificial pre-pulses into 
the temporal structure of the pulse (t = 1 ps, l = 1054 nm, e 
~ 50 J, I ~ 5 ´ 1019 W cm–2, and q = 0). The first one (t = 
600 ps, l = 527 nm, I ~ 5 ´ 1014 W cm–2, and ns ~ 10–5) 
preceeded the main pulse by 1.3 ns and produced a pre-
plasma layer with ne ~ 0.1ncr. The second one (t = 1 ps, and 
l = 1054 nm) was used to form a channel in the pre-plasma 
layer. The time it was ahead of the main pulse varied from 
20 to 120 ps. Plastic films 0.1, 0.3, and 0.5 mm thick were 
used as targets. The channel parameters were monitored 
using interferometry; plasma bremsstrahlung radiation was 
recorded by scintillation detectors. It was shown that the 
integral energy of gamma quanta increases fourfold when 
the delay between the main pulse and the short, channel-
producing, pre-pulse increased from 20 to 120 ps (for a 
target thickness of 0.3 mm). Also, in this case, the plasma 
transmission increases threefold, from 13 % to 38 %, and 
the regime of gamma radiation generation in the presence 
of the channel becomes more stable.

Thus, the appearance of relativistic electrons during 
the propagation of a laser pulse with an intensity of 
1019 – 1020 W cm–2 in an extended pre-plasma layer with a 
density much lower than the critical one is associated with 
self-focusing of radiation with the subsequent formation of 
a channel in the plasma [72]. However, an increase in the 
radiation intensity or the electron density of the pre-plasma 
layer in the region of the laser beam waist leads to the split-
ting of this beam into separate filaments and to a decrease 
in the efficiency of electron acceleration. In addition, the 
reaching of plasma regions with a near-critical electron den-
sity (near the target surface) by the laser beam also leads to 
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effective heating and acceleration of electrons. At lower 
intensities, plasma waves play a crucial role. In [37], using 
the 3D3V PIC code Mandor [93], a numerical PIC simula-
tion of the propagation of a laser pulse (t = 50 fs, I = 
1018  W  cm–2) was performed at various lengths L of the 
density gradient ne. In the case of a long (L/l ~ 100) gradi-
ent (density ne linearly increasing to 0.4ncr), the generation 
of high-energy electrons is caused by self-focusing of radia-
tion at ne < 0.2ncr, as well as the excitation and breaking of 
plasma waves at ne ~ (0.3 – 0.4)ncr.

The results of a more systematic study of the effect of 
the pre-pulse were published in [68, 74, 94 – 96], where a 
nanosecond Nd : YAG laser pulse was used as a pre-pulse (t 
= 6.8 ns; l = 532, 1064 nm; and I ~ 1012 W cm–2). The delay 
between nanosecond and femtosecond (t = 50 ± 5 fs, l = 
813 nm, I ~ 2 ´ 1018 W cm–2, p polarisation, KASE ~ 
10–6 – 10–9, and q = 45°) pulses determined the shape of the 
pre-plasma gradient. Thick molybdenum and tungsten tar-
gets were used.

A typical dependence of the integral yield of gamma 
radiation (map) on the delay Dt0 between femtosecond 
(FS) and nanosecond (NS) pulses and the position of the 
focal plane relative to the initial target surface (focusing 
depth f0) is shown in Fig. 3a. The delayDt0 could be set 
from +5 to – 40 ns (with negative delays, the NS pulse was 
ahead of the FS pulse). A significant increase in the tem-
perature Th and the yield of gamma radiation in compari-
son with the case of a single FS pulse was observed at Dt0 
= +5 ¼ – 10 ns (first maximum) and Dt0 = – 20 ¼ – 40 ns 
(second maximum). (For a single FS pulse, Th ~ 150 ± 
15  keV, and the maximum energy of gamma radiation is 
~1.5 MeV.) In the range Dt0 = –10 ¼ – 20 ns, the output of 
gamma radiation dropped to zero. In the region of delays 
corresponding to the second maximum, an increased yield 

of gamma radiation was observed when the FS pulse was 
focused over the target surface: f0 = –50 ¼ – 100 mm. In the 
region of the first maximum, an increase in the tempera-
ture of gamma radiation to ~1.6 ± 0.3 MeV (by a factor of 
10) and the maximum energy to ~7.5 MeV (by a factor of 
7) was recorded [68].

The contrast KASE significantly affects the output of 
gamma radiation at delays corresponding to the second 
maximum (Fig. 3b) [96]. It was shown that when the con-
trast increases to KASE < 10–9, the second maximum dis-
appears. An increased yield of gamma radiation at delays 
corresponding to the second maximum appears at KASE 
~ 10–7. With a further decrease in contrast to KASE ~ 
10–5, the yield of gamma radiation increases, while the 
optimal focusing depth f0 corresponds to a point above 
the target surface. The appearance of the second maxi-
mum is most likely associated with the formation of a 
short pre-plasma gradient upon heating of a strongly 
scattered cold recombining plasma under the action of 
the ASE of the main FS pulse.

An increase in the yield of gamma radiation was 
correlated with the appearance of three-half harmonic 
of an FS pulse in plasma optical radiation spectrum. 
Diagnostics of optical plasma radiation and the results 
of PIC simulation by the Mandor code showed [68] 
that at small delays between pulses (the first maxi-
mum) in the range ne ~ (0.25 – 1)ncr, a relatively short 
pre-plasma gradient is produced, L/l ~ 1 – 2. This 
favours the efficient excitation of parametric instabili-
ties (Raman scattering, two-plasmon decay). The elec-
trons, which received energy as a result of the breaking 
of plasma waves, are accelerated in the field of the FS 
laser pulse (if they are injected in the correct phase), 
which explains the generation of fast electrons, includ-
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Figure 3.  (Colour online) (a) Typical dependence of the integral yield of gamma radiation of Ng plasma on the delay Dt0 between FS and NS pulses 
and the position of the focal plane relative to the initial target surface (focusing depth f0) at t = 50 ± 5 fs, KASE ~ 10–7 – 10–6, Mo 2-mm-thick target 
[68]; (b) map cross sections at t = 50 fs and ( 1 ) KASE < 10–9, f0 = – 25 mm; ( 2 ) KASE ~ 10–7, f0 = – 25 mm; ( 3 ) KASE ~ 10–5, f0 = – 25 mm at Dt0 > –12  ns 
and f0 = – 100 mm at Dt0 £ –12 ns; ( 4 ) KASE > 10–5, f0 = –  25 mm at Dt0 > –12 ns and f0 = –  90 mm at Dt0 £ –12 ns [96]; and (c) map cross sections at 
a constant FS pulse energy, KASE ~10–7 and ( 1 ) t = 50 fs, I = 3 ´ 1018 W cm–2, f0 = – 10 mm; ( 2 ) t = 570 fs, I = 2 ´ 1017 W cm–2, f0 = – 10 mm at Dt0 
> –10 ns and f0 = – 75 mm at Dt0 £ –10 ns; ( 3 ) t = 1130 fs, I = 1 ´ 1017 W cm–2, f0 = – 10 mm at Dt0 > –10 ns and f0 = –105 mm at Dt0 £ –10 ns;  ( 4 ) 
t = 1700 ± 100 fs, I = 8 ´ 1016 W cm–2, f0 = – 10 mm at Dt0 > –10 ns and f0 = – 140 mm at Dt0 £ –10 ns [74]. In calculating the cross sections for each 
delay, the average value of the yield Ng over the focusing depth f0 in the region of ±25 mm is presented.



775Role of contrast of a relativistic femtosecond laser pulse interacting

ing in the form of a beam (see Section 4 for more 
details).

The expansion of the plasma after the end of the NS 
pulse leads to the formation of a sufficiently extended 
plasma with L/l ~ 10 – 100, which causes a sharp drop in 
the gamma radiation yield. The most probable reasons for 
this are the distortion and ionisation defocusing of the FS 
beam, which is partially confirmed by the numerical simu-
lation of the propagation of the FS pulse in the pre-plasma, 
taking into account field ionisation, based on the results of 
interferometry [73].

To reduce the negative role of ionisation, a polyethylene 
film 200 – 400 mm thick was placed on the front surface of 
the target in a number of experiments [97]. This made it pos-
sible to increase the temperature of gamma radiation at the 
second maximum (with an NS radiation pulse at l = 1064 
nm) and the maximum energy to ~2 MeV and to 10 MeV, 
respectively, and initiate the photodisintegration of deute-
rium D(g, n)H (2.23 MeV threshold) with a yield of 8 ± 
1  neutrons per pulse (in 4p) [98].

However, ionisation can also play a positive role. An 
increase in the FS pulse duration from 50 to 1700 fs at 
constant energy (the intensity decreases from 3 ´ 1018 to 8 
´ 1016 W cm–2) leads to an increase in the integral gamma 
radiation yield at the second maximum by more than 10 
times compared to the initial level, by 2 – 3 times compared 
to the yield in the first maximum at the minimum dura-
tion, and by 30 times compared to the yield in the case of 
a single FS pulse without an NS pre-pulse ([74], Fig. 3c). 
Using the interferometry data, as well as diagnostics of 
optical and gamma radiation of plasma in the regime of a 
long FS pulse, it was revealed that collisional ionisation of 
atoms by electrons oscillating in the field of such a pulse 
plays a significant role in the formation of the electron 
density profile at delays corresponding to the second max-
imum of the gamma radiation yield. Numerical simula-
tions have shown that the acceleration of electrons in this 
case is caused by the breaking of plasma waves excited by 
stimulated Raman scattering of laser radiation in a plasma 
with ne = 0.25ncr.

4. Formation of beams of relativistic electrons

The idea of accelerating electrons by high-power laser pulses 
has been existing for over 40 years. In 1979, Dawson and 
Tajima [99] proposed the concept of a ‘laser accelerator’, in 
which a laser pulse propagating in a rarefied subcritical 
plasma excites a plasma wave that accelerates electrons to 
high energies (up to GeV and higher). Later, this mecha-
nism became known as laser wakefield acceleration (LWFA) 
and was investigated   in many works (see, for example, 
[15,  100 – 102]).

There are much fewer works devoted to the study of 
electron acceleration using solid targets, which is due to the 
fact that the electrons produced in such an interaction have 
lower energies (units to hundreds of MeV), a wide, most 
often quasi-exponential, spectrum and a large divergence 
(up to 1 – 10 sr), that is, their parameters are worse than 
those obtained using accelerators. However, the use of solid 
targets has its own advantages: a higher charge of the gener-
ated beams, the possibility of accelerating ions along with 

electrons, and the accompanying generation of X-rays and 
gamma rays.

It is worth noting that there are a number of theoreti-
cal works which predicted the formation of electron 
beams with a high charge (up to nC) in LWFA. For 
example, based on the result of 1D and 2D PIC simula-
tions, Li et al. [103] demonstrated the possibility of form-
ing an electron beam with a charge of ~1 nC using a gas 
jet with a specially formed inhomogeneous profile. Such 
large charges are obtained due to the effective self-injec-
tion of electrons into the wake wave [104], with the dif-
fused plasma – vacuum interface actually leading to an 
improvement in the beam parameters [105]. However, the 
ideas proposed in these works have not yet been experi-
mentally confirmed (due to the complexity of forming 
the required electron density profile or the absence of 
laser systems with the required parameters). At the 
moment, the experimentally achieved beam charges using 
LWFA in a gas jet are still significantly lower than the 
charges obtained using solid targets (hundreds of pC 
[106] vs. ~100 nC [107]).

A large number of studies examining the acceleration 
of electrons to relativistic energies in the interaction of 
ultraintense laser radiation with solid targets took place in 
the 1990s. One of the first papers on this topic is the work 
of P. Gibbon [108]. In particular, using PIC modelling, he 
found that electrons are accelerated to energies of several 
MeV when a p-polarised Gaussian laser pulse with an 
intensity I ~ 1018 W  cm–2 interacts with a supercritical 
plasma (ne/ncr = 2 – 10) having an ideally sharp boundary 
(the profile looked like a step). Such studies were moti-
vated, in particular, by the problems of controlled thermo-
nuclear fusion.

A typical energy spectrum of electrons in this regime 
can be described by an exponential dependence with an 
exponent (‘temperature’) Th » 0.5a04/3 [89]. Based on the 
analysis of various models and numerical calculations, 
Compant La Fontaine [109] obtained a different estimate, 
relying on the laws of conservation of energy and momen-
tum: Th » 0.35a0 eh , where he » (5 ´ 10–2)a03/2 is the frac-
tion energy transferred to fast plasma electrons [46]. In 
addition, the dependence of the ‘temperature’ of the gener-
ated electrons on the target material was found [110]. The 
angular spectrum of electrons during such acceleration is 
wide, with a divergence of up to several radians, which com-
plicates the practical use of the source.

In a recent paper [111], it was shown that the mecha-
nisms of wakefield acceleration can be realised not only in 
gases, but also with the use of solid targets. The regime of 
electron generation using laser pulses with a sufficiently 
low energy and short duration (e = 2.6 mJ, t = 3.5 – 24 fs, 
and Kps = 10–10) and a SiO2 target was considered. Part 
(4 % in energy) of the main pulse was used to produce a 
homogeneous pre-plasma. The pre-plasma gradient length 
L/l was varied from ~0.2 to several units by changing the 
delay (0 – 300 ps). It was shown that for the case L ~ l at 
such parameters, the manifestation of LWFA is possible, 
since a short (3.5 fs) pulse can resonantly excite waves in a 
plasma with an electron density of the order of the critical 
one, which is not observed for a longer pulse (24 fs). In this 
case, the main source of injection is electrons from the 
L-shell of the silicon atom.
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Gahn et al. [112] also proposed to use high-pressure gas 
jets as a target, which, upon ionisation, are capable of gen-
erating a plasma with a concentration close to the critical 
one [(0.1 – 0.5)ncr]. It was shown that at a certain plasma 
concentration, the effect of self-channelling of radiation is 
possible (for example, at t = 200 fs, e = 250 mJ, and I ~ 4 ´ 
1018  W  cm–2, the channel length reaches hundreds of 
microns) and electrons are accelerated in the formed chan-
nel to energies of ~1 MeV. This mechanism is called direct 
laser acceleration (DLA) and is also observed upon oblique 
incidence of high intense laser radiation on subcritical 
plasma, the concentration profile of which must satisfy cer-
tain requirements (see below) [107, 113].

In the last decade, there has been a renewed surge of 
interest in the acceleration of electrons using solid targets. 
It is associated both with the development of laser technol-
ogy (the appearance of petawatt laser systems, the achieve-
ment of relativistic intensities at a pulse repetition rate of 
1 – 10 kHz [114]) and with the peculiarities of the parame-
ters of the generated electron beams (first of all, with the 
possibility of obtaining a large charge, as well as with the 
development of methods that ensure the collimation of the 
resulting beam). For example, Mordovanakis et al. [28] 
obtained stable electron beams with an energy of up to 
2  MeV and a charge of 7 pC during the interaction of laser 
pulses (t = 30 fs, l = 800 nm, e ~ 3 mJ, I ~ 2 ´ 1018 W cm–2, 
KASE ~ 4.5 ´ 10–11, and q = 45°) having a repetition rate of 
0.5 kHz with a SiO2 target in the presence of an artificial 
pre-pulse (t ~ 30 fs, I ~ 2 ´ 1014 W cm–2, and Kfs ~ 10–4). 
The delay between pulses was varied from 0 to 187 ps, 
while the length of the pre-plasma layer L, according to 
the authors’ estimates, varied from less than 0.1 to 5.5l. 
When the delay was varied from 0 to 16.7 ps, the electron 
beam was generated at an angle of 36° from the normal to 
the target surface, and its charge increased, reaching a 
maximum at L/l = 0.5.

Electron beams can be generated even at subrelativistic 
laser radiation intensities. For example, Li et al. [40] 
obtained a quasi-monoenergetic beam (E ~ 100 keV, Q = 
9 pC) generated by the interaction of a laser beam (t = 
65  fs, I ~ 1017 W cm–2, Kps ~ 10–7) with a target made of 
aluminium. The characteristic scale of the pre-plasma gra-
dient L was 0.1 – 0.5l. The generation of an electron beam is 
described using a two-stage model: First, a plasma wave is 
excited by laser radiation in a subcritical plasma, from 
which at certain times part of the electrons is ‘ejected’ in the 
direction of the reflected radiation. The moment of ejec-
tion of the electron beam is determined by the dynamics 
of the interference pattern formed by the incident and 
reflected beams. Then these electrons are deflected 
towards the normal under the action of the ponderomo-
tive field of the interference pattern. This model was con-
firmed in PIC simulations, which were carried out for L/l 
= 0.2; no further study of the effect of pre-plasma param-
eters on electron acceleration was performed.

Quasi-monoenergetic electron beams with energies of 
0.2 – 0.8 MeV and a divergence of ~0.1 rad were also 
obtained in [115] by the interaction of laser radiation (t = 
60  fs, I ~ 2 ´ 1017 W cm–2) with the edge of a 200-mm-thick 
aluminium foil. Since the laser radiation contained a high-
power pre-pulse (Kns ~ 10–4), the main radiation interacted 
with the pre-plasma gradient, and its characteristic scale 
was estimated as L/l ~ 15. The PIC simulation showed 

that electrons are accelerated in a plasma wave that is gen-
erated as a result of self-modulation instability of an intense 
laser pulse during its propagation in an inhomogeneous 
pre-plasma. Wang et al. [116] studied the angular and 
energy distributions of electrons for the case of laser pulses 
with intensities of 1016 – 1018 W cm–2 (Kps ~ 10–7). The tar-
get was a 5- mm-thick Al plate. Part (6 %) of the main laser 
pulse with a duration of 60 fs was used as an additional 
artificial pre-pulse. In this case, the delay varied from 20 to 
80 ps, which made it possible to change the pre-plasma scale 
within the range of 10 – 50l. The electron energies reached 
~1 MeV with a beam divergence of 20 – 40°. The effect of 
the pre-pulse on the direction of propagation of electrons 
was experimentally discovered: In the absence of a delay 
between the pre-pulse and the main pulse, electrons were 
generated along the normal to the target surface; however, 
as the delay increased to 80 ps, the electrons propagated in 
the direction of the reflected laser pulse. However, the 
mechanisms of electron acceleration, as well as the effect of 
the pre-plasma, were not studied further in this work.

There is one more acceleration mechanism – vacuum 
laser acceleration (VLA) [117]. Using PIC simulations for 
VLA, it was demonstrated that electrons can reach energies 
of ~1 GeV upon injection of electrons with an initial energy 
of 10 – 20  MeV in the field of a laser pulse with I ~ 
1022  W  cm–2 [118]. Experimentally, such energies have not 
yet been achieved; the effect was experimentally confirmed 
for the first time in 2016 [119]. In this work, a laser pulse 
with a duration of 25 fs with a peak intensity of 2 ´ 
1018  W  cm–2 and a high contrast (Kps ~ 10–10 with a delay of 
2 ps) achieved by using a double plasma mirror [120] was 
focused on an aluminium target at an angle q = 55°. To 
produce a pre-plasma on the target surface, a femtosecond 
laser pre-pulse with an intensity of ~1016 W cm–2 was sepa-
rated from the main pulse using a mirror. By varying the 
delay between the main pulse and pre-pulse, it was possible 
to change the pre-plasma scale L in the range l/3 – l/30; the 
optimal parameters were achieved for the gradient length 
l/15. The generated electrons had an average energy of sev-
eral MeV, a charge of ~12 nC, and a characteristic ‘ring’ 
spatial structure of the beam, which arises due to the pon-
deromotive repulsion of electrons by a laser pulse upon 
VLA. The influence of the characteristic scale of the pre-
plasma on the generated beam has not been studied; how-
ever, from the information presented, it can be concluded 
that a very short gradient (L ~ l/6 or less) is required to 
implement the VLA under such conditions.

The regime of grazing incidence of a laser pulse on a 
plasma is of great interest. Note that in many works on 
this topic, the scale of the pre-plasma inhomogeneity is not 
specified, which significantly complicates the interpreta-
tion of the results. For an intensity of (1 – 2) ´ 1018 W cm–2 
at a pulse duration of 30 fs (KASE ~ 10–5), Li et al. [121] 
showed that with an increase in the angle of incidence q up 
to 70°, an electron beam is formed that propagates along 
the front surface of the target, with an energy reaching 
2  MeV, and an angular divergence of less than 15°. To 
determine the role of the preplasma in the experiment, an 
additional pre-pulse was used – part of the main pulse 
before compression (duration 200 ps, delay 0.5 ps) with 
variable energy (4 – 27 mJ). It was shown that, as in Refs 
[28, 116], with the addition of a pre-pulse and an increase 
in its energy, the direction of propagation of the electron 
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beam gradually changes from the grazing one to the direc-
tion of the reflected laser pulse. Therefore, we can con-
clude that a short pre-plasma is required to form an elec-
tron beam along the target surface, but its exact scales are 
not indicated in the work.

The grazing incidence of a laser pulse was studied in 
more detail in Ref. [122]. The main pulse (e = 300 mJ, t = 
67  fs, I ~ 1018 W cm–2) and the pre-pulse (for the optimal 
case Kns ~ 10–4), the intensity of which was varied by chang-
ing the delay of the Pockels cells, interacted with the copper 
target at q = 72°. In the optimal case (the formation of a 
pre-pulse cloud of about 100 mm with a density ne = 0.1ncr), 
a stable and collimated (fluctuation of the beam emission 
angle ~1°, divergence 20 mrad) beam with a charge of 30 
pC was obtained; a ‘monoenergetic’ peak was observed in 
the spectrum at an energy of 0.5 MeV. The simulation made 
it possible to draw a conclusion about the formation of the 
structure of the plasma ‘bubble’ (similar to that observed 
under wake acceleration) in a surface plasma wave excited 
in a plasma of near-critical density.

The grazing incidence regime can also be characterised 
by high (several orders of magnitude higher than in LWFA) 
coefficients of conversion of laser pulse energy into acceler-
ated electrons [123]. Here, using PIC simulation, the inter-
action of high-intensity (a0 ~ 50 – 100, I ~ 1022 W cm–2) 
radiation with a solid target was considered. It was shown 
that the addition of a pre-plasma layer with a density of 
tenths of ncr makes it possible to increase the number of 
high-energy (E > 10 MeV) electrons by a factor of 2 – 5. It 
should be noted that in this work the pre-plasma gradient 
was set by a linear function, which can be considered a very 
rough approximation to real conditions.

Generation of electron beams under oblique incidence 
of radiation on a target is also being investigated on laser 
systems with a relatively high energy and long pulse dura-
tion. For example, Ma et al. [107] used a pulse with a 
power of 200 TW (e = 150 J, t = 700 fs, I ~ 1018 W cm–2, 
Kns ~ 10–4, q  = 72°) and a pre-pulse with an energy of 
5 – 80 mJ (I > 1016 W cm–2, that is, inherently higher than 
the plasma formation threshold), interacting with a solid 
copper target. An electron beam with a charge of ~100 nC 
(E > 1 MeV), a divergence of 0.047 rad (2.7°), and electron 
energies up to 20 MeV was obtained in the direction of 
the reflected radiation. The effect of the pre-pulse (its 
energy, delay) on the parameters of the electron beam 
was studied. It was shown that an increase in the pre-
pulse energy increases the divergence, but does not 
affect the beam charge; an increase in the charge is 
achieved only by increasing the energy of the main laser 
pulse. At the same time, the specific characteristics of 
the pre-plasma are not given in the work. PIC simula-
tions have established that the acceleration mechanism 
is DLA [124], which ensures collimation of the electron 
beam.

Metal foils are also often used as solid targets. The use 
of foil makes it possible to generate beams of electrons 
(and ions) in the direction of propagation of the laser 
pulse. Yu et al. [125] considered theoretically the scheme 
of electron acceleration under the action of a high-inten-
sity (a0 = 7.5) laser pulse on a metal foil. A homogeneous 
pre-plasma layer with a thickness of 30 mm (L ~ 30l) 
with a density of 10–3ncr was formed in front of the foil, in 
which electrons accelerated by the ponderomotive action 

of a laser pulse were generated. The foil (a layer with a 
supercritical plasma concentration n = 10ncr) reflected 
laser radiation, while electrons flew forward. In this case, 
the maximum electron energies were ~25 MeV. In the 
experimental work [126], an aluminium foil 7.5 mm thick 
was irradiated with a femtosecond pre-pulse with an inten-
sity of 1.5 ´ 1017 W cm–2, arising from the imperfection of 
the regenerative amplifier of the laser system, as a result of 
which a subcritical pre-plasma was formed (its scale was 
not specified in this work). Then, after a delay of 5 ns, the 
main laser pulse (t = 70 fs, I = 2.5 ´ 1018 W cm–2) inter-
acted with this pre-plasma and, as a result, a quasi-
monoenergetic electron beam with energies of ~0.63 MeV 
and a divergence of ~4° was generated in the direction of 
propagation of the initial laser radiation.

For thin foils, the effect of the pre-plasma gradient on 
the acceleration of electrons was also investigated using 
PIC simulation [127]. A high-power laser pulse with a0 = 
10, interacting with a solid-state target 20 mm thick, was 
considered. It is shown that, due to the high intensity, the 
laser pulse breaks through the foil and forms a channel in 
which the electrons are accelerated; the addition of a pre-
plasma (L/l = 0.75, n = 1.5 ́  1019 cm–3) leads to the appear-
ance of a ‘tail’ in the spectrum of electrons, that is, to their 
additional acceleration, and therefore is an important 
parameter to consider.

Peebles et al. [128] showed that the addition of a con-
trolled pre-pulse (t = 2 ns, I = 2 ´ 1012 W cm–2) 4 ns before 
the arrival of the main pulse (t = 150 – 600 fs, e =30 – 105 J, 
I ~ 1020 W cm–2) on an aluminium target with a thickness of 
100 mm allows one to increase by two orders of magnitude 
the number of high-energy electrons generating in the direc-
tion of the laser pulse. It is also shown that the surface cur-
rents of ‘cold’ electrons, which, in turn, strongly depend on 
the chosen angle of incidence of radiation on the target, can 
have a significant effect on the emission angle of accelerated 
electrons.

A rather complicated experiment is described in [129], 
where the thickness of the plastic and silicon film targets 
was 5 – 500 nm. With such a thickness of the target, even a 
terawatt laser pulse (e = 1 J, t = 120 fs, I ~ 1019 W cm–2, Kns 
~ 5 ´ 10–7, OPCPA system) pierces it through. It was shown 
that, with decreasing film thickness, a monoenergetic peak 
appears in the electron spectrum at an energy of ~2 MeV. 
Acceleration also occurs in the plasma channel; the energy 
peak is due to a ‘bunch’ of electrons injected into one accel-
erating phase of the laser pulse field. Due to the rather high 
intensity of the pre-pulse and the very small thickness of 
the target, the main pulse interacts with the pre-plasma 
cloud. From one-dimensional hydrodynamic simulation, 
the target density was estimated as a Gaussian ‘bell’ with a 
width of 1 – 5  mm, depending on the initial thickness. It 
should be noted once again that this simulation does not 
describe the real picture reliably [80, 81] and can be used 
only for preliminary estimates.

Various composite targets are also being investigated. 
For example, Mandal et al. [130] used an 8-mm-thick PET 
film with a 50-nm-thick aluminium layer on the front and/
or rear surfaces as a target. A laser pulse interacted with this 
target (t = 30 fs, e = 160 mJ, I ~ 1019 W cm–2, KASE < 2 ´ 
10–9, q = 30°). The obtained electron beams in all cases had 
a large divergence (~40°), a charge of tens of pC, and an 
electron energy of up to 1 MeV. It was shown that the 
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presence of a metallic coating on the front surface (L/l ~ 
0.6) increases both the energy and the electron flux, while 
the presence of a coating on the rear surface (L/l = 0.1) 
increases only the flux. The first effect is associated with a 
more efficient absorption of a laser pulse in a long metal 
pre-plasma, and the second, with the suppression of the 
ambipolar field on the rear side of the target due to the 
formation of a pre-plasma there. At the same time, esti-
mates of the characteristic scale of the pre-plasma were 
also obtained using the hydrodynamic 1D code.

Gray et al. [78] investigated the acceleration of electrons 
during the interaction of a laser pulse (t = 0.8 ps; l = 
1054  nm; e ~ 130 J; I ~ 1020 W cm–2; p polarisation; KASE ~ 
2 ´ 10–12 and 2 ´ 10–10 with a delay of 1 ns and 100 ps, 
respectively; and q = 19°) with a thin composite target made 
of aluminium (40 mm), copper (8 mm), and CH (75 mm) in 
the presence of a long artificial pre-pulse (t = 5 ns, l = 
1054  nm, q = 0). The pre-pulse was ahead of the main pulse 
by 1.5 ns. The pre-pulse intensity varied from 0 to 23 TW 
cm–2 (Kns = 0   – 2.3 ´ 10–7). At a pre-pulse intensity of 
~2  TW cm–2 (Kns ~ 2 ´ 10–8), a maximum of the efficiency 
of electron acceleration was observed and the yield of Ka 
radiation from a copper target increased sharply (approxi-
mately fourfold), as well as the efficiency of conversion of 
the laser pulse energy into the kinetic energy of protons 
(from ~0.5 % to 3 %) and the maximum energy of these pro-

tons (from 7 to 22 MeV). A further increase in the pre-pulse 
intensity led to a sharp decline in the conversion efficiency (at 
an intensity of 4 – 5 TW cm–2) and then to its slow recovery. 
Simulation with the PIC code EPOCH showed that in the 
presence of a pre-plasma, the laser beam undergoes self-
focusing and a plasma channel is produced in which elec-
trons are efficiently accelerated. However, with an increase 
in the pre-pulse intensity, the electron density of the plasma 
increases near the focal point of the main pulse, which leads 
to the breakup of the channel into separate filaments, to 
rapid dissipation of the beam energy, and a decrease in the 
efficiency of electron acceleration. Two regions of genera-
tion of high-energy electrons were observed: the region of 
self-focusing of the beam in the pre-plasma and the region 
with a density close to the critical one. A similar picture of 
laser-plasma interaction was observed in Refs [65, 66] when 
studying the dependence of the temperature of electrons 
generated from the rear surface of a thin-film target on the 
intensity of a long pre-pulse that forms a pre-plasma layer.

The possibility of electron acceleration by circularly 
polarised laser pulses was also considered (before that, 
p-polarised laser pulses were used in all the papers dis-
cussed). Liu et al. [131] describe the mechanism of self-con-
sistent resonant acceleration of electrons in the channel 
(that is, betatron acceleration by circularly polarised radia-
tion). In the simulation, a laser pulse with I ~ 1020 W cm–2 
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Figure 4.  (Colour online) (a) Magnetic field of the laser pulse Hz (normalised to a0) (a) and (b, c) deviation of the electron density from the equilib-
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was incident along the normal to the target, which was set in 
the form of a plasma with an electron density linearly 
increasing from 0 to ncr over a length of 5 mm; further on, 
the concentration remained constant. At the same time, in 
this work, the role of the pre-plasma gradient was not inves-
tigated. The use of circular, rather than linear, polarisation 
of the fundamental radiation led both to an increase in the 
number of electrons injected into the channel and to a better 
collimation of the generated electron beam due to the spe-
cific shape of the magnetic fields formed in the plasma. 
Electron energies of 250 MeV are also higher for circular 
polarisation (200 MeV for linear polarisation). In addition, 
to improve the parameters of the electron beam, it was pro-
posed to use two successive laser pulses with a controlled 
delay (several picoseconds) and a ratio of focal spot diame-
ters (~3 in the optimal regime) [132].

Thus, the length of the plasma layer L plays a crucial 
role in the formation of high-energy electron beams. In a 
series of papers [113, 133, 134], it was shown how a properly 
selected contrast, which is determined by a combination of 
pre-pulses of a femtosecond laser system and a pulse of a 
separate nanosecond laser, can form a plasma profile with 
the required steepness, which makes it possible to optimise 

the parameters of an electron source. In these works, a large 
amount of experimental data was presented and numerical 
PIC simulation was performed, which made it possible to 
outline a picture of the physical processes leading to the for-
mation of a collimated beam of relativistic electrons in the 
direction of the reflected laser radiation and to optimise the 
parameters of this beam.

Three stages of acceleration are identified: the growth of 
hybrid plasma instability [SRS and two-plasmon decay 
(TPD)] and the excitation of plasma waves in the region 
with ne = 0.25ncr (stage 1), the initial energy gain by some of 
the electrons and their injection in the direction of the 
reflected laser pulse due to the breaking of plasma waves 
(stage 2) and and electron acceleration in the DLA regime 
in a channel formed in a rarefied plasma by a reflected laser 
pulse (stage 3) (Fig. 4). This takes place if a specially pre-
pared plasma profile, consisting of a sharp section near 
(0.1 – 0.5)ncr and a smooth decrease in the region of lower 
densities [ne = n0e x/(0.5l) + n1e x/(10l), where x is the coordinate 
along the normal to the target surface; and n0 and n1 are fit-
ting parameters).

In the experiment performed by Tsymbalov et al. [113], such 
a plasma is produced by a separate nanosecond laser pulse, with 
the femtosecond pulse arriving at the maximum intensity of the 
nanosecond pulse. The intensity of the latter must be sufficient 
(5 ´ 1012 W cm–2) so that the ponderomotive forces arising dur-
ing its reflection from the plasma lead to its steepening to L ~ 
0.5l. The steepening occurs near the region of the critical elec-
tron density, where the femtosecond laser pulse is reflected. An 
increase in the scale of the plasma inhomogeneity in this region 
leads to strong absorption and scattering of the laser pulse. 
Such a reflected pulse cannot produce a plasma channel, and 
the acceleration occurs by the VLA mechanism with a greater 
divergence and lower energy and charge of the electron beam. 
Simulations [113] showed that an increase in the slope to L ~ 
0.25l leads to a decrease in the electron beam current by 
about a factor of two. This is due to the smaller plasma vol-
ume from which the electrons enter the channel and the injec-
tion mechanism itself. Thus, the optimal plasma length in the 
range (0.1 – 0.5) ncr is 0.5l.

5

3

4

1

2

Figure 5.  Simplified scheme of the experimental setup: ( 1 ) radiation 
from a Ti : sapphire laser system; ( 2 ) Nd : YAG laser radiation (con-
trolled pre-pulse); ( 3 ) permanent magnets of the spectrometer (B ~ 
0.15 T); ( 4 ) Kodak LANEX scintillator; ( 5 ) CCD camera.
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It was experimentally shown that in this regime, it is 
possible to generate a collimated (divergence ~0.05 rad) 
electron beam with a temperature of 2 MeV and a charge 
of tens of pC on a 1-TW laser system. The schematic of the 
setup is shown in Fig. 5: the main laser pulse of the Ti : sap-
phire laser system (I ~ 5 ´ 1018 W cm–2, e = 50 mJ, t = 50 fs, 
KASE ~ 10–7) and the controlled pre-pulse of the additional 
Nd :YAG laser (I ~ 5 ´ 1012 W cm–2, e = 200 mJ, t = 10 ns) 
were incident on a thick (2 mm) solid tungsten target at an 
angle q = 45°. The spatial distribution of electrons was 
recorded using a LANEX scintillator installed in the direc-
tion of reflection and a CCD camera transmitting its image. 

To measure the energy spectrum, two permanent magnets 
(magnetic field strength ~0.2 T ) were placed in front of the 
scintillator. The profile of the electron beam and its energy 
spectrum are shown in Fig. 6a. The data on the beam charge 
are confirmed by the registration of neutrons in the photo-
nuclear reaction [113]. The obtained beam characteristics 
are in good agreement with the results of numerical simula-
tion shown in Fig. 6b.

Based on the simulation of the motion of test electrons 
in a given field, the optimal initial parameters were obtained, 
leading to obtaining the maximum energy at the plasma 
channel end. It was shown that electrons should enter the 
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channel with an initial energy of several hundred keV in 
the maximum of the envelope of the laser pulse propagat-
ing in the channel. Simple estimates show that plasma 
waves of hybrid SRS – TPD instability are capable of gen-
erating electrons with the required energies. This instabil-
ity generates two groups of waves [134]: One moves along 
the plasma surface (k » 1.1w0 /c), while the other moves 
approximately along the normal to this surface (k » 
0.2w0 /c), with the phase velocity directed towards the 
plasma region with lower density. Figure 7 shows the 
deviation of the electron density from the equilibrium 
one; one can see the existence of plasma waves (Fig. 7a), 
the spatial spectrum of these plasma waves (Fig. 7b) and 
the modulation of the electron density corresponding to 
the first (Fig.  7c) and the second (Fig. 7d) plasmons, 
obtained as a result of spatial Fourier filtering in the 
regions marked in Fig. 7b. A detailed analysis of the 
development of this hybrid SRS – TPD instability is given 
in Ref.  [134].

Analysis of the electron motion during PIC simulation 
showed that the first group of waves accelerates electrons, 
and the fields of the second group of waves eject electrons in 
the direction of the plasma channel. Thus, the electrons gen-
erated by the decay of plasma waves of hybrid instability 
are injected into the plasma channel formed by the reflected 
laser pulse.

In addition, the possibility of generating electron 
beams during the interaction of a laser pulse with a layer 
of a dense plasma was investigated. It was shown [133] 
that plasma waves of parametric instabilities arising in a 
thin plasma layer with ne = 0.15 – 0.3ncr, during their decay, 
can effectively inject electrons into the field of a laser pulse 
transmitted through the layer. Trapped electrons are 
accelerated by the DLA mechanism in a plasma corona 
dense enough to produce a channel. In this case, the same 
collimated (0.05 rad) electron beam is generated as in the 
case of reflection from a solid target described above. 
However, the total charge of electrons with energies 
above 1.6 MeV is 50 pC. Thus, the injection efficiency 
and, accordingly, the charge of the generated electron 
beam increases by a factor of ~5 compared to injection 
into the reflected laser pulse at the same pulse energy (50 
mJ) of the initial laser beam. The calculations are con-
firmed by experiments using plastic films, preionised by 
an additional nanosecond pulse, as a target. In this case, 
photonuclear techniques were also used to measure the 
electron beam charge.

Thus, Tsymbalov et al. [113, 133, 134] showed that an 
artificial nanosecond pre-pulse with an intensity of 
~1012  W  cm–2 and a high intrinsic contrast (KASE ~ 10–8) of 
the main laser system can significantly increase the energy 
and charge and reduce the divergence of electron beams. 
The results described above were obtained using a laser 
system with a peak power of 1 TW. It is interesting to 
establish the range of intensities in which the above 
model of injection and acceleration works. Simulations 
were performed for intensities of 5 ´ 1019 W  cm–2 and 
laser beam diameters at FWHMs of 4l and 8l. The elec-
tron energy and angle distributions in the obtained beams 
are shown in Fig. 8. At peak laser pulse powers of 10 and 
40 TW, well collimated beams with maximum electron 
energies of up to 25 and 40  MeV, respectively, can be 
obtained. The use of such laser systems will require a 

higher contrast (better than 10–9) due to the increased 
intensity, but this is conceivable for existing laser systems 
[114]. At intensities exceeding 5 ´ 1019 W cm–2, the light 
pressure becomes so high that electrons are ejected from 
the interaction region without having time to form plasma 
waves, and the parametric processes necessary for effec-
tive injection are suppressed. Therefore, a further increase 
in the laser intensity to increase the yield and electron 
energies is not optimal; it is better to increase the beam 
diameter, which will make it possible to increase the injec-
tion area, as well as the acceleration length due to the 
lower divergence of the wider beam.

The direct electron acceleration (DLA) mechanism is 
experimentally observed at high intensities and laser pulse 
durations. Rosmej et al. [135, 136] used a low-density foam 
with a thickness of several hundred micrometres as a target, 
which, upon interaction with a controlled pre-pulse (t = 
1.5 ns, e ~ 1 – 3 J, I ~ 1013 W cm–2), was transformed into 
a plasma of near-critical density. The interaction of the 
main pulse (t ~ 750 fs, l = 1053 nm, e ~ 90 J, I ~ 
1019  W  cm–2, s polarisation, and q ~ 5°) with this pre-
formed plasma led to the acceleration of electrons, and a 
significant increase in the beam charge and spectrum 
temperature was observed in comparison with the case of 
using conventional foil targets at I ~ 1021 W cm–2, which 
is due to the longer acceleration length (that is, the pres-
ence of a plasma channel).

5. Role of the contrast of laser radiation  
during ion acceleration

The acceleration of protons, deuterons, and multiply 
charged ions by high-intensity femtosecond laser radia-
tion is of considerable fundamental and applied interest 
[7,  17,  137]. Such laser-accelerated ion fluxes can be used 
in the production of semiconductor and membrane mate-
rials, in the colorisation of crystals, and for laser plasma 
diagnostics [138, 139], including for time-resolved diag-
nostics of plasma electric fields with a short pulse of fast 
protons [140]. It should also be noted that the use of 
laser-accelerated fluxes of electrons and ions with high 
energy, as well as X-ray radiation in nuclear photonics 
[141], is promising for the excitation of nuclear (includ-
ing isomeric) levels [142], initiation of thermonuclear 
reactions [143] and fission reactions [142], and obtaining 
fast neutrons using photonuclear [98] or nucleon transfer 
reactions [144]. An important and promising area of 
research is medical applications: hadron therapy of onco-
logical diseases [145], production of isotopes for positron 
emission tomography [146], etc. Note that hadron therapy 
usually requires energies of hundreds of MeV per nucleon 
[147].

The first review devoted to laser acceleration of ions was 
published back in 1986 [148]. It discussed mainly measure-
ments utilising nanosecond CO2 lasers, as well as the first 
theoretical models of ion acceleration. The radiation inten-
sity on the target reached 1016 W cm–2, which ensured the 
acceleration of protons and carbon ions to energies of several 
tens of keV. At present, using femtosecond (30 – 100  fs) laser 
pulses with an energy of up to 1 J and a peak intensity on a 
target of (1 – 5) ´ 1019 W cm–2 and ultrathin targets, protons 
and multiply charged heavy ions with energies of ~100 MeV 
per nucleon were obtained [149, 150].
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When the beams of accelerated electrons are formed, 
only a small part of the electron subsystem is involved in 
this process. On the contrary, the acceleration of ions is 
associated with the motion of the plasma layers as a whole. 
This acceleration is associated with the charge separation 
inside the plasma under the action of the forces of electron 
pressure and, in part, the action of laser radiation 
[151,  152]. The emerging ambipolar field accelerates the 
ions, while slowing down the escaping electrons. As a 
result, the charge separation region moves with accelera-
tion, which determines the acceleration of ions as a whole. 
In the interaction regimes considered in this review, there 
is, as a rule, a complex electron energy distribution, which 
is conventionally divided into several components with 
different average energies Ehot. According to a rough esti-
mate, the value of the ambipolar field for each of the com-
ponents is Fa ~ Ehot /(elD), where lD is the Debye radius. 
These fields can exceed 1012 V m–1. When thick targets are 
used, ions are accelerated towards the laser beam, approx-
imately along the normal to the plasma – vacuum inter-
face. For thin-film targets, ions can be accelerated from 
the rear side of the film under the action of a beam of elec-
trons accelerated into the depth of the target by a laser 
field. This mechanism is called target normal sheath accel-
eration (TNSA) (that is, acceleration by a near-surface 
layer of heated electrons) [7, 153].

In the early studies of laser acceleration of ions, it was 
found that the most efficiently accelerated (due to the 
maximum charge-to-mass ratio) are protons, as well as 
carbon and oxygen ions from the natural layer of hydro-
carbon contamination on the target surface [148]. In this 
case, the accelerating near-surface layer of light ions 
(mainly protons) screens the ambipolar field, preventing 
the acceleration of heavier multiply charged ions. To 
weaken this effect, it is necessary to remove the surface 
layer consisting of light atoms before the interaction. This 
is achieved by thermal or laser heating of the target surface 
or by ablation [154 – 158].

The contrast of laser radiation has a decisive influ-
ence on the characteristics of the formed ion beam. First, 
the use of thin-film (up to tens of nanometres) targets 
dictates the need for high contrast so that the target is 
not evaporated before the main pulse is applied [159]; 
second, the presence of a long but weak ASE or even a 
multitude of weak pre-pulses can lead to the formation of 
a heated, expanding and less dense plasma, in which the 
acceleration of ions is much less effective [160]. In addi-
tion, Schollmeier et al. [160] showed that a significant 
discrepancy between the experimental results (for exam-
ple, the cutoff energy for protons at an ideal Gaussian 
momentum is 150 MeV, and in the experiment it is equal 
to 50 – 60 MeV) is due to the overlooking of ASE in 
numerical simulations, and only if it is taken into account, 
it is possible to reconcile the experimental and calculated 
results.

It was experimentally demonstrated in [161] that the 
main laser pulse (e = 2 mJ, t = 50 fs, I ~ 1017 W cm–2) hav-
ing a weak short pre-pulse (1011 W cm–2) ahead of it by 
10  ns and arising due to the imperfection of the Pockels 
cells and, accordingly, providing a low contrast (Kns ~ 
10–6) suppresses the acceleration of protons from the con-
taminating layer; in this case, heavy multiply charged iron 
ions experience a noticeable acceleration to energies 

exceeding the average energy of hot electrons. Numerical 
simulation of this process, carried out in [161], showed 
that the predominant acceleration of heavier ions can 
occur if protons are removed from the target surface using 
a pre-pulse and, in this case, the spatial distribution of 
protons is nonmonotonic (there is a gap of ~2 mm between 
the proton layer and the target surface, which, for exam-
ple, can occur due to explosive boiling up of the contami-
nating layer by a weak pre-pulse). In this case, the main 
pulse interacts with a cleaned but slightly heated target 
surface, and heavy multiply charged ions begin to acceler-
ate more efficiently; meanwhile, protons experience weak 
acceleration by the exponentially decaying tail of the 
ambipolar field.

The target cleaning effect observed in Ref. [161] is 
achieved only for thick absorbing targets (that is, metals). 
In addition, the pre-pulse should be short enough to pro-
vide explosive boiling of the contaminant layer. When the 
intensity of a short prepulse exceeds the ablation threshold 
of a metal target, the proton density profile, which is 
established due to the action of the pre-pulse, becomes 
exponential, and the main pulse accelerates protons rather 
than heavy ions. On the other hand, if the intensity of the 
pre-pulse is insufficient to completely remove the contam-
inating layer, then the remaining protons are effectively 
accelerated by the main pulse, and heavy ions gain a sig-
nificantly lower energy.

A similar mechanism for cleaning the target surface 
can be realised under the action of ASE. Shulyapov et al. 
[162] showed that when using metal targets and the intensi-
ties of the main pulse and ASE ~2 ´ 1018 and ~1010 W cm–2, 
respectively (KASE ~ 10–8 with a delay of 10 ps), the target 
is effectively cleaned from protons and the efficiency of 
acceleration of heavy ions is increased. (When using a con-
trast enhancement system (XPW) providing IASE < 
108  W  cm–2 (KASE < 10–10), the target is not cleaned.) The 
advantage of this cleaning method is to use only one laser 
system without any additional equipment; on the other 
hand, controlled target cleaning is only possible with an 
additional artificial pre-pulse.

For targets in the form of a thin foil, sufficiently intense 
pre-pulses and ASE can generate a shock wave that propa-
gates into the target and leads to expansion and deforma-
tion of its rear side, changing the spatial distribution of the 
quasi-static electric field, which accelerates ions by the 
TNSA mechanism [163 – 166]. Fuchs et al. [167] showed 
that even for relatively thick targets (aluminium foil 20 mm 
thick), with the addition of a controlled pre-pulse (I ~ 
1016 W cm–2) 8 ns before the arrival of the main pulse, a 
plasma corona can be formed on the rear surface of the 
target. (Similar results are also discussed in [153] for alu-
minium foils up to 20 mm thick and ASE with I ~ 
1012 W cm–2 (KASE ~ 10–7).) This leads to a smoothing of 
the electron density gradient and suppression of the TNSA 
efficiency [153].

It was shown in [168, 169] that at IASE ~ 1010 W cm–2, 
even a slight deformation of the rear side of the target can 
reduce the ion energy, and Fang et al. [170] found that the 
deformation of the rear side (at IASE ~ 1012 W cm–2), in 
addition to decreasing the energy of protons, can increase 
the divergence of the proton beam. In addition, the contrast 
of laser radiation also affects the efficiency of ion accelera-
tion (that is, the coefficient of conversion of the energy of 
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laser radiation into the energy of accelerated particles) [171]. 
In particular, Yogo et al. [172] investigated the effect of the 
ASE duration (with a rather poor contrast, KASE ~ 10–5) on 
the emission angle and energy spectrum of protons using a 
relatively thick foil (7.5  mm).

The optimal target thickness for efficient acceleration of 
protons depends not only on the parameters of the laser 
pulse, but also on the target density. For a significant num-
ber of previously published works on ion acceleration, KASE 
was 10–5 – 10–8 (that is, it was below or near the plasma for-
mation threshold on the front surface of the target) and, 
therefore, for frequently used aluminium foil targets with a 
thickness of 1 mm, the deformation of the rear surface the 
target could be neglected [173]. In studying the interaction 
of a laser pulse (e = 600 – 850 mJ, t = 150 fs, I ~ 1019  W  cm–2, 
and q  =30°) with aluminium foils of various thicknesses, 
Kaluza et al. [166] showed that for pulses with KASE < 10–7 
(I ~ 1012 W cm–2), the optimal target thickness for acceler-
ating protons decreases with decreasing ASE duration 
(with a minimum ASE duration of 0.5 ns, the optimal 
thickness of the aluminium foil was 2 mm, and the proton 
energy was ~3.5 MeV). In this case, for thinner targets, 
the spatial profile of the proton beam became blurred, 
which was associated with the deformation of the rear sur-
face of the target.

Fast heavy carbon ions with the highest energy are pro-
duced using homogeneous carbon targets. At the same time, 
as already noted, the presence of hydrogen, distributed in the 
form of a contaminant layer on the rear surface, greatly 
reduces the efficiency of accelerating carbon ions. Removal 
of hydrogen-containing contamination from the rear surface 
of the target increases the efficiency of acceleration of heavy 
ions [154, 156, 174, 175]. In contrast, a target with a high 
atomic number and a hydrogen-containing layer on the rear 
surface is best suited for optimising proton acceleration [175]. 
It should be noted that, as a rule, the thickness of the hydro-
gen-containing layer on the target surface is 2 – 4 nm. 
Simulation with layers up to 100 nm thick [176 – 178] could 
lead to unrealistic results (mainly from the point of view of 
the obtained energy spectrum) [179].

An already preionised target in the form of a thin sub-
critical plasma can also be used to accelerate ions. For 
example, Matsukado et al. [180] observed protons acceler-
ated from a thin foil target, the laser-irradiated region of 
which was evaporated by ASE with the formation of a 
plasma profile with a maximum density close to the criti-
cal [181], and Willingale et al. [182] demonstrated effective 
laser acceleration of ions with a target in the form of a 
dense gas jet.

The above results refer to the interaction regime, when 
the laser radiation intensity is in the range of 
1018  – 1020  W  cm–2, and the target thickness exceeds 50 nm. 
In this case, the TNSA mechanism is dominant [183], with 
the maximum ion energy increasing with decreasing target 
thickness. At the same time, other acceleration mechanisms 
come to the fore for ultrathin targets and ultrahigh contrast 
laser pulses with an intensity above 1020 W cm–2 [7]. For 
example, Bulanov et al. [184] demonstrated the essential 
role of the effect of relativistic transparency in the transfer 
of energy from a laser pulse to ions. Numerical simulations 
and experiments carried out with ultrathin targets and laser 
pulses with an intensity of 1020  – 1024 W cm–2 with a con-
trast of more than 10–12 indicate the possibility of a signifi-

cant increase in ion energy with a narrower energy spec-
trum; however, poor contrast significantly impairs the effi-
ciency of ion acceleration, reducing their maximum energy 
and strongly cutting off the low-energy part of the spectrum 
[185].

The interaction regimes, including break-out after-
burner (BOA) [186], directed Coulomb explosion [184], and 
radiation pressure acceleration (RPA) [187] are discussed in 
the literature. Ultra-high intensities (more than 1021  W  cm–2) 
at an ultra-high contrast of a pulse with a sharpened leading 
edge, necessary for the implementation of these acceleration 
mechanisms, were obtained quite recently using the most 
modern laser systems, which is one of the most important 
factors in the development of research on laser acceleration 
of ions.

Note that in some cases (for example, when high-density 
gas jets are used as targets), the presence of a pre-pulse 
with a certain duration is necessary to obtain a very sharp 
plasma – vacuum boundary [188] or to form a sharp bound-
ary by shock waves induced in a dense gas jet by nanosec-
ond laser pulses [189].

6. Interaction of laser radiation  
with structured targets

In experiments on relativistic laser-plasma interaction, spe-
cially prepared targets with a structured surface are also 
used to increase the absorption of laser radiation in the 
plasma and to increase the energy of accelerated particles. 
The first works were carried out at moderate intensities (up 
to ~5 ´ 1017 W cm–2). A number of pioneering studies can 
be mentioned, where, due to the use of micro- and nano-
structures of various types (porous targets [51, 190, 191], 
ordered diffraction gratings [192], weakly ordered nanow-
ires and lamellas of various profiles [193 – 197] and even 
bacteria [198]), it was possible to achieve almost one hun-
dred percent absorption of laser radiation, a significant 
increase in the energy of electrons in the plasma, and the 
yield of hard (bremsstrahlung and linear) X-rays.

To explain these results, several hypotheses have been 
put forward, including plasmon effects [199, 200], amplifi-
cation of the local field near inhomogeneities of the order of 
a wavelength or less [195], an increase in absorption on an 
increased surface area [193, 201], and efficient generation of 
hot electrons by the mechanism of vacuum heating on a 
highly developed surface [202]. Note that the effects associ-
ated with surface plasma waves relate, rather, to the region 
of relatively low intensities (up to 1016 W cm–2), when the 
mechanisms of inverse bremsstrahlung absorption prevail 
without the appearance of a significant population of the 
hot electron component. Nevertheless, even at such intensi-
ties, various resonance phenomena caused by the periodic-
ity of the surface can lead to the appearance of high-energy 
particles, as shown in Ref. [199], where gold ions with ener-
gies up to a few MeV were detected. Recent studies 
[203 – 205] indicate the existence of surface plasma waves at 
relativistic intensities (over 1019 W cm–2), when they con-
tribute to an increase in absorption, an increase in plasma 
instabilities, and an increase in the energy of fast electrons. 
A significant influence of the effect of local field amplifica-
tion on the efficiency of generation of fast electrons and 
ions in the presence of subwavelength structures has been 
found [195, 205 – 207].
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Nevertheless, it is worth noting the significant frag-
mentation and lack of systematisation of the results 
obtained in different experiments. The reason for this 
may be insufficient control of the parameters of the 
laser pulse and, first of all, of the contrast. Thus, the 
authors of papers [50 – 52, 208] point to the role of the 
influence of pre-pulses on the efficiency of conversion 
of the energy of a laser pulse into X-ray radiation. In 
Refs [50, 53, 54, 209], a reduced resistance of nanostruc-
tures to ablation and melting is noted, which is associ-
ated with an increased absorption of radiation and a 
limitation of the outflow of heat into the depth of the 
target. In numerical simulations, it is also important to 
take into account three-dimensional effects, which can 
be decisive in the case of a complex target structure 
[210], but this is difficult due to limited computational 
capabilities.

Over the past decade, there has been a significant 
breakthrough in several directions at once. First of all, it 
is worth noting the development of laser technologies, 
which ensured the commercial availability of laser sys-
tems of multi-terawatt power with an extremely high 
contrast (better than 10–10) and a high pulse repetition 
rate [211 – 215]. Due to this, the range of intensities for 
possible practical application of structured targets has 
expanded to relativistic intensities and higher (more than 
1019 W cm–2). An important role was also played by the 
development of methods for fabricating structures: 3D 
printing, lithography, chemical etching and deposition, 
and laser ablation make it possible to fabricate structures 
with completely different morphologies (both ordered 
and chaotic) and sizes of individual structural elements 
from tens of nanometres to tens of micrometres 
[216 – 223]. Finally, an increase in computing power 
made it possible to numerically investigate the effect of 
relativistically intense laser pulses on subwavelength 
structures, in which new mechanisms and effects of 
charged particle acceleration and even quantum electro-
dynamics were predicted [210, 224 – 229].

A wide range of tasks associated with the use of 
micro- and nanostructured targets in laser-plasma 
experiments can be conditionally divided into several 
areas, united by the common possibility of using the 
obtained source for various applied and fundamental 
research. The first area is associated with obtaining a 
bright source of hard X-ray radiation. The possibility of 
generating high harmonics and terahertz radiation 
should also be mentioned; however, here we discuss rel-
atively low intensities and low energies of particles, and 
therefore this scope of work will not be mentioned fur-
ther in this review. The second area includes work on 
accelerating electron and ion beams to high energies. 
Another area is related to the initiation and study of 
nuclear processes: the generation of neutron fluxes as a 
result of fusion reactions, decay and excitation of 
nuclear levels, etc. Finally, exotic and not yet experi-
mentally realised quantum electrodynamic effects at 
ultrarelativistic intensities, up to the production of elec-
tron – positron pairs are being discussed [230]. All these 
areas will be considered in more detail after a brief dis-
cussion of methods for fabricating structured targets 
and the features of structures.

6.1. Methods for fabricating structures

Methods for micro- and nanostructuring of the surface 
are being developed for solving problems not related to 
laser-plasma interaction. Periodic structuring is impor-
tant in problems of photovoltaics, nano- and microelec-
tronics, microfluidics, biosensorics, etc. [231, 232]. 
Methods for the formation of structures can be condi-
tionally divided into two types: (i) when the growth of 
structures proceeds from the surface into the depth of the 
material and (ii) when the structures grow from the sur-
face upwards. The first type includes various methods of 
etching, when structures are formed by ‘eating away’ the 
target material, while chemical, laser, thermal and vac-
uum deposition, etc., are based on ‘growing’ structures 
on a substrate by different methods.

Crystalline silicon is one of the first materials with a 
modified surface that is successfully used in laser-plasma 
experiments. The most common methods for producing 
complex surface morphology on semiconductors are based 
on chemical etching of a smooth substrate. Thus, owing to 
its high photoluminescent properties, porous silicon has 
become widespread and, as a consequence, has a well-
developed manufacturing technique [233]. Varying the 
etching parameters allows one to change the degree of 
porosity, pore size, and the depth of the etched layer. In 
laser-plasma experiments, porous silicon was used at the 
dawn of the development of this field [52, 191]. During 
vacuum heating, strong absorption of radiation and effi-
cient generation of hot electrons were observed at the 
sharp boundaries of the developed surface [202].

Further development of techniques has led to the 
emergence of many methods of etching semiconduc-
tors. Nevertheless, one of the simplest and most effec-
tive is metal-stimulated etching [218, 234], which, in 
particular, makes it possible to achieve better local 
repeatability of the surface morphology that plays an 
important role in the discussed experiments. The most 
widespread type of structures obtained in this way is 
silicon nanowires (or nanograss) [218, 234]. In con-
trast to porous silicon, nanowires are much more 
ordered. In addition, they form an array of nearly 
identical structures. In this case, the height of the 
nanowires, their inclination relative to the substrate, 
and their diameter can vary over a wide range (from 
tens of nanometres to micrometres). From the point of 
view of laser-plasma research, this opens the way to 
the experimental implementation of ideas and con-
cepts developed in the numerical simulation of the 
effect of a high-intensity laser pulse on matter. Thus, 
interesting results have been achieved by using both 
nanowires of submicron size [235] and structures 
whose size exceeds the wavelength [236] as targets for 
laser-plasma experiments.

The advantages of etching and the growth of structures 
from the surface into the depth include the possibility of 
etching a large area, a high aspect ratio of the height to the 
diameter of the forming structures, and also the fact that 
the structures are nothing more than the substrate remain-
ing after etching, which provides a relatively high thermal 
conductivity in the depth of the target. The disadvantages 
of the etching method include the complexity of the forma-
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tion of single wires, when the distance between adjacent 
ones approaches the same laser wavelength, while maintain-
ing a high aspect ratio.

The methods of growing structures that can be used in 
laser-plasma experiments include laser ablation, electro-
chemical, thermal and vacuum deposition, and 3D printing.

Strictly speaking, laser ablation and the related pro-
cesses of surface structuring cannot be attributed to a pro-
cess in which particles of matter are deposited on the sub-
strate from the outside, but at the same time the very for-
mation of structures proceeds from the surface of the 
substrate into vacuum. The consideration of the mecha-
nisms of the formation of nano- and microstructures dur-
ing laser ablation is a problem to which a separate review 
can be devoted. In general, we are talking about the inter-
ference of the incident laser radiation and the surface elec-
tromagnetic wave excited by it. Within the framework of 
this work, we will restrict ourselves to only mentioning the 
fact that the formation of structures is quite simple and 
does not require complex technical solutions. In this case, 
it is possible to modify substrates from almost any mate-
rial. At the same time, due to the complexities of the phys-
ics of the process and its modelling, it is very difficult to 
achieve good reproducibility from sample to sample. The 
structures themselves can take various forms (from indi-
vidual pyramids, cones to complex, fractal-like forma-
tions), but have a relatively small aspect ratio 
[219,  237,  238]. Irradiation of the structures formed in this 
way by high-power femtosecond radiation also turned out 
to be promising [235, 236, 239]. Separately, it is worth not-
ing work [240], in which the authors showed that struc-
tures that improve the parameters of laser plasma (in par-
ticular, an increase in the energy of protons) can be cre-
ated by laser ablation with the same laser radiation 
(weakened to an energy density of ~5 J cm–2) directly 
before the experiment, that is, without replacement or 
special preparation of the target. This approach is 
extremely promising for future experiments at a high 
(several kHz) pulse repetition rate.

Electrochemical deposition in an acid solution or in a 
vacuum [223, 241 – 243] is based on the growth of struc-
tures (wires, fibres, etc.) on condensation centres (micro- 
and nanodroplets of various elements) on the substrate 
surface. In this case, the formed structure of the nanow-
ires resembles a sponge or foam with an average density 
ten times less than a solid one, and the thickness of a 
layer of such a foam can reach several millimetres. This 
allows it to be used for volumetric absorption of relativ-
istic laser radiation [136, 210]. At the same time, such 
structures have low thermal conductivity and high brit-
tleness, which complicates laser-plasma experiments at a 
high pulse repetition rate and imposes very stringent 
requirements on the contrast of a laser pulse [54].

Over the last decade, 3D microprinting and laser 
micromachining technologies have been developed 
[244,  245]. With this approach, the possible variations in 
the morphology of structures become by and large count-
less, and they very quickly found application in laser-
plasma research [220, 246, 247].

Ordinary optical diffraction gratings can be classified as 
a separate type of targets with a structured surface. They 
have a high homogeneity over the entire sample area and a 
period varying over a wide range of values, but have a rela-

tively small aspect ratio (close to unity) and represent a one-
dimensional structure, which also determines the features of 
particle acceleration in laser-plasma experiments [196, 248, 
249]. We also note the possibility of fabricating periodic 
structures of the diffraction grating type on the target sur-
face during laser ablation [192, 219].

Finally, one of the most exotic types of structures that 
have been successfully applied in plasma experiments is the 
living environment. Thus, a number of studies [198, 250] 
show the promise of using a layer of Escherichia coli on a 
solid substrate. In general, the use of biotargets can have a 
rather interesting further development due to the high vari-
ability of the forms of living objects.

6.2. Surface structuring for producing an X-ray source

When designing a laser-plasma X-ray source, the determin-
ing role is played by the spatial coherence of the source (for 
obtaining high-resolution images, including by phase con-
trast methods) and luminosity per unit time. Therefore, 
much attention in these studies is paid to targets with a large 
area capable of operating at a high pulse repetition rate. In 
this case, there is no need to chase the record energies of 
charged particles, but it is necessary to increase their flux. In 
part, this also applies to the parameters of the laser pulse 
itself. Too high pulse energy or pulse intensity leads to an 
increase in the transverse dimensions of the hot plasma and, 
as a consequence, to deterioration of spatial coherence.

One of the first works is paper [195], in which, in 
addition to the experimental observation of the effect of 
an increase in the yield of hard X-ray radiation in the 
range from 10 to 100 keV, a theoretical explanation was 
also proposed. The authors attributed the twofold 
increase in the temperature of hot electrons in the plasma 
of nanoparticles deposited on a substrate [251] not only 
with increased absorption, but also with the effect of 
amplification of the local field (lightning rod). A rela-
tively simple model was proposed for estimating the 
effective field near inhomogeneities, which found appli-
cation in the works of other authors, for example, using 
copper nanorods [207], silicon nanowires [235], carbon 
nanotubes [252], and suspension of gold nanoparticles 
[253]. This indicates the broad applicability of this model 
for evaluating the efficiency of electron acceleration in 
plasma. Note that we are not talking about the accumu-
lation of energy by particles due to the action of a new 
acceleration mechanism. It is often assumed (at least at 
intensities up to 1018 W cm–2) that the main mechanism 
of energy gain is the effect of vacuum heating (the Brunel 
effect, see, for example, [254]) or resonant absorption 
(see, for example, [207]) at a rather sharp plasma – vac-
uum boundary, which, of course, presupposes the use of 
a pulse with a high contrast (but already at high intensi-
ties [235]). In addition, the developed three-dimensional 
surface of the structured target becomes a significant fac-
tor, which ensures an increase in both the number of 
accelerated electrons and their average energy due to 
multiple interactions of electrons with the surface [202].

An increase in absorption, leading to an increase in the 
yield of hard X-ray radiation from the plasma, was also 
achieved for structures with a high periodicity (diffraction 
gratings and ordered micro-objects) [190, 192 – 194]. A 
model describing the optimal grating parameters at which 
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effective acceleration of electrons is achieved in a complex 
combination of an electrostatic field near inhomogeneities 
and a laser field was proposed in [255].

When the intensity is increased to the relativistic 
threshold (several units per 1018 W cm–2), the use of targets 
with a complex surface structure is also beneficial from the 
point of view of increasing the brightness of the laser-
plasma X-ray source. Nevertheless, the requirements for 
the contrast of the laser pulse are obviously becoming 
more rigorous. For example, in [50], where the authors 
studied the interaction of a laser pulse of near-relativistic 
intensity (KASE ~ 4 ´ 10–8) with an array of silicon nano-
rods, it is noted that the structures give a significant 
increase in the yield of X-ray radiation at an intensity of 
(3 – 4) ´ 1017 W cm–2, while at I = 1018 W cm–2 the ASE 
pedestal destroys the structures. However, what is most 
interesting, the authors, based on the observation of the 
generation of the three-half harmonic (clear evidence of an 
extended pre-plasma and parametric processes in it [68]), 
make a fair conclusion that a reduced threshold of plasma 
formation on structures leads to the formation of a more 
extended pre-plasma than in case with a flat target. And 
the processes of gaining energy by electrons, which are 
characteristic of a diffused target boundary, are already 
more efficient in such a target. It is all the more surprising 
that one can still find works that report a significant 
increase in the X-ray yield upon irradiation of nanostruc-
tured [256] or porous targets [257] with a relativistic pulse 
(I > 1018 W cm–2) with KASE ~ 10–5 and in which the 
authors emphasise precisely the interaction with struc-
tures, and not with the inevitably formed extended pre-
plasma. The value of contrast is also not given in paper 
[258]. Its authors claim the effects of strengthening the 
local field on nanoscale bacteria, leading to a multiple 
increase in the output of bremsstrahlung gamma radia-
tion (peak intensity up to 3 ´ 1018 W cm–2).

There are relatively few experimental studies on the irra-
diation of solid-state structured targets with I ~ 1018  W  cm–2, 
which is explained by several reasons. First, these are the 
lowered thresholds for ablation and melting of such targets. 
Secondly, these are the complexity of operation in a multi-
pulse regime and, accordingly, data accumulation – at high 
intensity, a solid-state target begins to heavily contaminate 
the vacuum interaction chamber and optics. This is a prob-
lem even for a laser operating at a pulse repetition rate of 
10  Hz. Finally, for really high-power laser systems (hun-
dreds of TW and more), there is a natural desire to work at 
high intensities (over 1019 W cm–2), although already in the 
single-pulse regime.

Nevertheless, among the published works, there are also 
those where the emphasis is placed on the pulse contrast, 
and its value allows one to admit the preservation of nano-
structures in one form or another by the time of the arrival 
of the peak of the main pulse. Samsonova et al. [259] discuss 
the efficiency of the generation of Кa lines of zinc (~9 keV) 
in a target made of zinc oxide nanorods. A conversion fac-
tor of ~10–4 to a linear component was achieved (pulse 
energy 0.8 J, irradiation at the second harmonic frequency 
with KASE < 10–9, peak intensity exceeding 1019 W cm–2).

Investigations of the generation of gamma radiation 
(with an energy of more than several hundred keV) were 
carried out using micro- [239] and nanostructured targets 
[235]. An order of magnitude increase was achieved in the 

conversion efficiency to energies above 300 keV when using 
silicon nanograss as compared to using a smooth substrate. 
The contrast of the laser pulse in the experiments was fur-
ther improved by the XPW system to KASE < 10–9.

The efficiency of conversion of the energy of a laser 
pulse into a flux of hard X-ray quanta strongly depends on 
the considered energy range of these quanta, but in most 
cases does not exceed 0.001 % – 0.01 %. The use of struc-
tured targets makes it possible to increase the brightness of 
the source by one or two orders of magnitude [191,  194,  195]. 
In this case, the brightness of the X-ray bremsstrahlung 
source also depends on the target material (more precisely, 
on its atomic number). Silicon, traditionally used to pro-
duce structured targets, from this point of view, is very infe-
rior to heavy metals; therefore, an important task is to fab-
ricate targets using substances such as tungsten, tantalum, 
lead, and others. At the same time, for such targets, the con-
trast should be even higher than for silicon.

Operation at a relatively low intensity, up to 
1019  W  cm–2 (by the standards of modern systems with a 
power of up to units of PW), does not allow the bright-
ness of the source to be dramatically increased due to the 
fact that hard X-ray radiation is generated by scattering 
on ions and atoms of hot electrons, the concentration of 
which is relatively low. The main part of the energy is 
carried away during the hydrodynamic expansion of the 
plasma.

This problem was solved and the regime of dominance 
of radiation energy losses by plasma over hydrodynamic 
losses was realised by irradiating ordered metal nanorods 
with a high-power pulse [260]. In such a system, radiation is 
capable of penetrating to a depth of several micrometres, 
that is, much deeper than the skin layer, pushing electrons 
towards the substrate. Fast electrons heated by a pulse of 
relativistic intensity (4 ́  1019 W cm–2), as well as reverse cur-
rents in the columns, lead to their very rapid expansion in 
the transverse direction with the formation of a plasma of 
almost solid-state density. A temperature of the order of 
10  keV and a high collision frequency contribute to an effi-
cient loss of energy through the X-ray generation channel 
(linear, bremsstrahlung, etc.). The measured conversion 
factor of the energy of a laser pulse into an ultrashort (about 
1 ps) X-ray pulse with an energy of a few keV was about 
20 %, which is a record value today. High contrast of radia-
tion is critical in such experiments. By doubling the fre-
quency of the main pulse, the authors managed to achieve 
Kps < 10–12.

Another method for generating X-rays (but with a 
higher energy – up to 100 keV) using a pulse of relativistic 
intensity (~1019 W cm–2) and a target of nanorods was 
proposed (numerically) in [261]. The idea is to generate 
synchrotron radiation by electrons accelerated in a wake 
wave to energies of several hundred MeV. The role of an 
undulator is played by nanorods ionised by a laser pulse 
(the same that preliminarily accelerated the electrons) 
(about 100 nm in diameter and tens of micrometres in 
length), located perpendicular to the beam in a checker-
board pattern (the distance between the columns is 
5.5  mm). The fast electrons leave the rods, but during the 
flight of the pulse, the ions are still cold. As a result, a 
quasi-static field is formed around the columns, which 
deflects electrons from the wake beam. Correctly selected 
period of arrangement of the columns and the field around 



787Role of contrast of a relativistic femtosecond laser pulse interacting

them determine the parameters of the undulator and, as a 
consequence, the characteristics of synchrotron radiation. 
The authors predict that in this way it is possible to gener-
ate more than 107 photons by an electron beam with a 
charge of 50 pC.

Fundamentally new possibilities open up in the ultra-
relativistic regime of interaction (that is, at I  > 
1020  W  cm–2), when radiation effects turn out to be signifi-
cant. Thus, in the ultrarelativistic regime, when the dynam-
ics of an electron in the laser field becomes highly nonlin-
ear, the generation of gamma quanta is possible as a result 
of synchrotron radiation by electrons at the kinks of the 
trajectories. Here again, structured targets have an 
advantage over flat targets. Thus, for a normal incidence 
of a pulse with an intensity above 1022 W cm–2 on a peri-
odic ribbed surface with a period of less than 1 mm, a 
height and width of a rectangular tooth of less than 0.5  mm, 
a several-fold increase in the yield of gamma quanta was 
numerically demonstrated in [262]. The authors attribute 
this to increased absorption, complex electron trajectories 
and their increased energy in comparison with the case of 
using a flat foil.

In [227], the propagation of a laser pulse (I > 1022  W  cm–2) 
between nanorods about 10 mm in length was considered. It 
was shown that, under the action of laser radiation, elec-
trons ejected from the surface of the rods are accelerated 
along them by a field in the form of bunches with an energy 
of several hundred MeV, which also emit synchrotron radi-
ation of similar energy at the kinks of the trajectories. 
Gamma quanta form ultrashort (~300 as) well-collimated 
bunches that can be used for problems of ultrafast diagnos-
tics of matter.

Of considerable interest is the use of recently appeared 
high-power mid-IR lasers in experiments with structured 
targets. This is due, first of all, to the quadratic depen-
dence of the oscillatory energy of electrons on the wave-
length, that is, the transition to the relativistic regime of 
interaction is possible at lower intensities than in the opti-
cal and near-IR ranges. In addition, an important circum-
stance is an increase in the threshold intensities for ionisa-
tion [263] and ablation [264] with increasing wavelength, 
which also weakens the requirements for the contrast of 
laser radiation. The possibility of developing an X-ray 
laser-plasma source was demonstrated in [265], and in 
[266], the results of experiments with arrays of silicon 
nanowires at a laser wavelength of 3.9 mm were presented 
for the first time.

In addition to bremsstrahlung X-ray radiation, beta-
tron radiation can also be generated in a plasma during 
direct laser acceleration in the plasma channel [267, 268]. 
Under certain conditions, when an array of parallel 
nanorods is irradiated, betatron resonance with an exter-
nal laser field can be achieved. Lécz and Andreev [269] 
showed that with an optimal ratio between the column 
diameter, electron density and laser radiation intensity 
(~1020 W cm–2), electrons, rotating around and moving 
along the rod under the action of electric and magnetic 
fields, emit intense synchrotron radiation with energies 
above 1 keV at a laser pulse intensity of 6 ´ 1019  W cm–2. 
A strongly nonlinear (power law with an exponent of 5/2) 
growth of the flux of X-ray quanta with an increase in the 
intensity of laser radiation was also predicted.

6.3. Micro- and nanostructured targets  
for accelerating charged particles

Of interest for applications are also beams of charged par-
ticles (electrons or ions) with a sufficiently high energy (for 
electrons, more than units of MeV), obtained in the rela-
tivistic regime of interaction. The physics of the process of 
energy gain in the relativistic regime becomes more com-
plicated and cannot be described within the framework of 
simple models. Below, we will try to discuss some of the 
key phenomena. Note also that in the regime of interac-
tion with structured targets in question, the laser radiation 
contrast, as a rule, should be as high as possible to prevent 
the spreading of structures under the action of pre-pulses 
of various nature. Thus, for the recently discussed intensi-
ties of 1021 W cm–2 and higher, a contrast better than 10–12 
is required both in ASE and in short pre-pulses. The effect 
of the contrast of relativistic laser radiation during its 
interaction with various structures (obtained by electro-
chemical etching and deposition) was studied in [54]. In 
particular, the thresholds of plasma formation under the 
action of pre-pulses were experimentally estimated for 
such structures.

With an increase in the amplitude of the incident laser 
field, the oscillatory and ponderomotive energies of the 
electron increase as well. In this case, in the presence of 
submicron structures in the interaction region, electrons 
at different moments of their motion can be both outside 
and inside dense structures that are nontransparent to 
laser radiation.If a particle spend a long enough time 
outside the laser field, then it can return into another 
phase of this field. In this case, a relationship appears 
between the intensity of the incident pulse and the char-
acteristic size of the structures: The time of flight of an 
electron through a separate element of the structure 
should be approximately equal to half the period of the 
field or longer for it to return in the accelerating phase. 
In this case, amplification of the local field at the inho-
mogeneities is absent as such; a significant increase in 
energy is achieved only due to prolonged exposure of the 
electron to the required phase of the accelerating field. 
This stochastic multistage process of energy gain was dis-
cussed for cluster targets [270], studied numerically in 
sufficient detail for structures of various shapes and sizes 
[224, 227], and also observed experimentally [235, 271]. 
In this context, we should briefly mention the interesting 
concept [247, 272] of obtaining high-strength fields, for 
example, for additional acceleration of particle beams 
from an accelerator. According to this idea, with the 
simultaneous propagation of a relativistic electron beam 
across a periodic structure (lattice) and its irradiation 
with a laser pulse, it is possible to achieve phase matching 
conditions when electrons will experience only an accel-
erating field passing through the lattice gaps, and the 
phase of the decelerating field will fall on the moment the 
particle is located inside a volume with supercritical den-
sity. However, this phenomenon has not yet been realised 
experimentally.

New regimes of electron acceleration are possible using 
volumetric low-density targets that are transparent to a 
relativistic laser pulse. In this regime, nanostructures are 
essential. The idea is that the average density of electrons 
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in the produced plasma should be slightly less than the 
critical one (taking into account the effect of relativistic 
transparency, that is, a decrease in the plasma frequency 
due to the relativistic change in the electron mass in a 
strong laser field [273]). For targets made of light atoms, 
this corresponds to the density of the initial substance in 
thousandths of a gram per cm3, that is, substantially less 
than the solid-state density. Low-density quasi-homoge-
neous substances such as aerogels do not satisfy this crite-
rion. When they are ionised by a laser field, a plasma with 
a too high supercritical electron density is formed, while 
targets such as a gas jet, on the contrary, as a rule, have a 
significantly lower density. In this case, a nanostructured 
foam with the desired density can be fabricated by using 
modern technologies [136, 274]. The foam, already at the 
front of the propagating laser pulse, can be transformed 
into a quasi-homogeneous plasma (due to field ionisation) 
with an electron density close to, but less than, the critical 
one. Numerical calculations show that this medium is 
optimal for implementing direct laser acceleration of elec-
trons and obtaining electron beams with charges up to 
100  pC [136, 267]. The key role of nanostructures was con-
firmed for both gas-cluster jets [275] and foams [210]. In 
particular, in Ref. [210], a threefold increase in the energy 
absorption by electrons was found in comparison with the 
case of a homogeneous low-density medium. 

Structured targets can also be used to generate beams of 
accelerated ions. For example, effective ion acceleration is 
possible by irradiating an ordered array of nanorods with a 
laser pulse having an intensity of ~1020 W cm–2 [276]. A 
rapid escape of electrons from the nanorods under the 
action of the laser field makes these nanorods transparent 
to optical radiation, resulting in the formation of a kind of 
a waveguide, where ions gain energy more efficiently (up to 
8 MeV). In the presence of a pre-plasma, the effectiveness of 
such a process is significantly reduced.

Structured targets can also be used to optimise the ion 
acceleration process in the standard TNSA scheme. This 
optimisation concerns, first of all, the improvement of the 
collimation of the ion beam (suppression of edge effects, 
amplification of the ambipolar field). A number of concepts 
have been proposed based on micromodification of the rear 
surface of the target. For example, Kawata et al. [277] pro-
posed a target with periodic submicron-sized holes for a 
more directed acceleration of protons. They found numeri-
cally that electrons exposed to a high-power laser pulse are 
accelerated along the walls of the holes, forming a strong 
azimuthal magnetic field. The authors of this work reported 
an increase in the collimation of the proton beam in com-
parison with a flat target and an increase in energy up to 
200 – 250 MeV, sufficient for proton therapy of oncological 
diseases. To obtain protons with an energy of ~60 MeV at 
I = 1020 W cm–2, Fazeli [225] proposed to place a thin 
hydrogen-saturated washer on the rear side of the carbon 
film, the diameter of which is smaller than the diameter of 
the laser beam waist. The protons accelerated from the 
washer are in this case in a more uniform field of electrons, 
and heavier ions from the depth of the target produce a 
focusing effect due to their greater charge.

It should be noted that, when structuring the rear side 
of the target, the requirements for contrast are similar to 
those imposed upon ion acceleration on flat foils in the 
TNSA regime. In this case, structuring can also be carried 

out on the front side of the target. Nevertheless, in the 
works devoted to the acceleration of protons, one can find 
ambiguous conclusions, supported by simulations, about 
the favourable effect of nanoparticles on the front side of 
the target with the declared KASE < 10–6 and peak intensity 
above 1019 W cm–2 [278] (when all talks of the preservation 
of particles at the time of the arrival of the pulse peak are 
very conditional).

We also note a promising numerically substantiated 
scheme in [279], where it is proposed to form a target in the 
form of a thin plasma, the transverse profile of which 
repeats the profile of the laser pulse intensity. At an inten-
sity of ~1022 W cm–2, electrons almost instantly leave the 
target – a thin foil, making it transparent to laser radiation 
and forming an almost uniform ‘washer’ flying in space. 
Calculations show that in this scheme it is possible to 
achieve collimation and monochromatisation of the ion 
flux with energies up to 1 GeV.

Finally, a quaint solution was proposed by Xiao et 
al.  [246], who condirerd a target in the form of a microfun-
nel, in the narrowest part of which there is a foil (accord-
ing to the authors, such a structure is easy to implement on 
a modern 3D printer). Propagation of a laser pulse of rela-
tivistic intensity along the funnel leads to the acceleration 
of electrons along its walls (an increase in the electron 
energy from 4 to 50 MeV is predicted in comparison with 
the case of a flat foil). Therefore, a large number of high-
energy electrons penetrate through the foil at the rear side 
of the funnel, effectively accelerating the ions from the 
back of the foil. Similar results were obtained numerically 
in [280], where the authors propose to focus radiation up 
to I ~ 1020 W cm–2 into a microwell, the walls of which are 
made of heavy metal (gold) with a CH foil located at the 
bottom. The laser pulse will rip electrons from the walls of 
the well and accelerate them towards the bottom. If the 
size of the well is optimal, then the electrons will focus on 
the foil and, therefore, form an amplified field that accel-
erates protons to 50 MeV, which is 10 times more than in 
the case of focusing on a flat foil.

Experimentally, Gaillard et al. [228] and Kaymak et 
al. [281] succeeded in observing an increase in the maxi-
mum proton energy at a laser radiation intensity above 
1020 W cm–2. In [228], irradiated was a target in the form 
of a hollow truncated cone with a wall thickness of the 
order of several micrometres and a radius significantly 
larger than the diameter of the laser beam waist, and in 
[281], it was a hemisphere of an ultrathin (~100 nm) 
film with a radius of ~10 mm. In both works, the authors 
explain the observed result by the action of the hybrid 
mechanism of energy gain by electrons – the so-called 
direct laser light pressure acceleration. When a pulse is 
incident on a curved surface near it, the incident and 
reflected waves interfere, and in this interference field 
the electrons gain a speed close to that of light. An addi-
tional charge separation field, as well as the direct 
action of light with a force u ´ B, lead to the appearance 
of electron beams moving through the target and accel-
erating the ions. In [228], due to the large thickness of 
the cone walls, the ion acceleration regime refers to 
TNSA [the authors increased the maximum proton 
energy from 55 MeV (for a flat target) to almost 
68  MeV]. In [281], where the substrate thickness was 
very small, the ion energy gain regime was more likely 
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to be radiation pressure acceleration (RPA [282]), which 
explained the rather low (~8.5 MeV) maximum proton 
energy for a structured target (~5 MeV for flat). 
However, the RPA mechanism has a higher power-law 
dependence of the proton energy on the laser radiation 
intensity, which makes it promising in the ultrarelativis-
tic interaction regime.

If we discuss the case when several neighbouring struc-
tures are located the waist region at once, then the effects 
of increased absorption of radiation and, of course, the 
size and shape of the structures begin to play a role. The 
role of the shape of microstructures on the front side of the 
target was studied in [283]. It is shown that the optimal 
size is about half the wavelength. The authors numerically 
obtained almost 100% absorption of radiation and an 
increase in the proton temperature from 0.4 to 1.6 MeV at 
I ~ 3.5 ´ 1019 W cm–2.

Recently, there have appeared proposals on the possibil-
ity of using double-layer targets for accelerating ions, for 
example, a low-density foam deposited on a solid-state film. 
In this case, the front layer acts as an effective absorber of 
laser radiation. Fideli et al. [284] numerically studied the 
effect of the morphology of such a foam and showed that 
not only its density, but also its spatial structure is impor-
tant. For example, a foam consisting of nanorods/nanofi-
bers has been shown to be more effective than a homoge-
neous foam generated by random nanoclusters and nano-
pores. Experimentally, the positive effect of an 
ultra-low-density layer of carbon nanotubes in front of a 
thin dense film was demonstrated in [285]: A multiple 
increase in the number of fast protons and an increase in 
their maximum energy from 10 to 30 MeV at a peak inten-
sity of ~ 1020 W cm–2 were discovered. In another version of 
a two-layer target, a layer of gold nanoparticles was used to 
increase the absorption of laser radiation [236].

6.4. Nuclear physics, high energy physics and quantum 
electrodynamic effects in laser-plasma experiments using 
structured targets

To date, a number of interesting numerical and experimental 
results in related and applied research areas have been dem-
onstrated using structured targets. All these data were 
obtained for pulses with a high radiation contrast, providing 
direct interaction with structures unperturbed by a pre-pulse.

First of all, we are refering to an increase in the effi-
ciency of a thermonuclear reaction. The first neutrons under 
irradiation of deuterated structured titanium were detected 
already at I = 1016 W cm–2 almost 20 years ago [143].

A series of studies on the effect of high-contrast rela-
tivistic laser radiation on an array of nanorods has been 
published over the past several years [260, 286, 287]. The 
authors have shown numerically and experimentally that 
with the penetration of radiation between the nanorods, 
their subsequent rapid heating and expansion, a very 
high energy density (up to GJ cm–3) and a temperature of 
several keV are achieved along with a high ionisation 
rate (up to 52 for gold). At the same time, the electron 
pressure in the plasma almost reaches 1 TBar, which is 
comparable to the pressure during compression of the 
capsule in experiments on the NIF setup [288]. In this 
case, fast electrons gain an energy of several MeV, fur-
ther accelerating the ions. This set of parameters opens 

up the possibility of efficient initiation of nuclear fusion 
reactions with the generation of neutrons. A record neu-
tron flux, over 106 neutrons per 1 J of laser energy, was 
achieved under irradiation of nanorods made of deuter-
ated polyethylene as a result of the DD-n reaction [289]. 
This flux is two orders of magnitude more the one 
obtained using a flat target.

Optimisation of the acceleration of deuterium ions with 
foam targets was considered in Ref. [290]. Fast electrons 
leaving the interfaces inside the foam form a strong field 
that accelerates the ions inside the target. Numerical simu-
lations showed an increase in the deuteron energy up to 100 
MeV and more at I ~ 1021 W cm–2. Foamed targets are also 
of significant interest for thermonuclear fusion in the fast 
ignition scenario [291].

A twofold increase in the efficiency of the fusion reac-
tion was observed experimentally in [292] when a high-con-
trast femtosecond pulse with I   = 2 ´ 1018 W cm–2 was 
applied to low-density (less than 0.4 g cm–3) deuterated 
polyethylene. The peak value of the neutron flux was esti-
mated at 105 per 1 J of laser energy. The observed effect is 
explained by an increase in the efficiency of absorption of 
the laser energy. In experiments with a picosecond laser 
with a peak intensity of ~1016 W cm–2 and using a similar 
target, but with a lower density, the optimal foam density 
was found to be 1 – 3 mg cm–3 with a maximum neutron 
yield of ~7 ´ 105 per 1 J of laser energy [293]. Studies with 
foamed targets were also carried out with a low contrast 
pulse (KASE ~ 10–4) [294]. The authors did not observe an 
increase in the neutron yield, which clearly indicates the role 
of high contrast in the irradiation of low-density targets.

Finally, the developemtn of multipetawatt laser sys-
tems in the near future spurs interest in the study of the 
phenomena of quantum electrodynamics, including the 
use of a combination of such lasers and structured targets. 
One of these effects is the production of electron – positron 
pairs. There are a lot of works considering laser concepts 
of this phenomenon (see papers [295 – 297] and references 
therein), but for structured targets we are talking about 
the Breit – Wheeler process of scattering of a gamma quan-
tum by optical photons [298, 299]. The idea is based on the 
generation of high-energy electron beams with an energy 
of ~1 GeV during the propagation of an ultrarelativistic (I 
= 1023 W cm–2) laser pulse along a single nanorod [300] or 
their array [227]. Next, a beam of gamma quanta is formed. 
In one case, this is the process of generating directional 
synchrotron radiation [227] with a photon energy of hun-
dreds of MeV. Li et al. [300] proposed to collide beams of 
electrons with a counterpropagating laser pulse and gen-
erate gamma quanta with an energy of 24 MeV due to the 
inverse Compton effect. For the production of positrons, 
in any case, the presence of a laser field is necessary. In 
[227], it was proposed to place a reflecting foil behind an 
array of nanorods, and in [300], the same counterpropa-
gating laser pulse will act as a source of photons. It is 
important to note that the temporal pattern of positron 
beams repeats the pattern for gamma quanta, and the lat-
ter is directly related to the characteristics of the electron 
beams. In both cases, the electrons form a sequence of 
attosecond pulses, which means that the positron pulses 
have a comparable duration. The energy density in posi-
tron beams reaches 1017 J m–3, and the total number of 
particles exceeds 1010, which makes them interesting for 
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various applications related to high energy density phys-
ics.

7. Conclusions

Thus, the processes occurring during the interaction of a 
relativistically intense femtosecond laser pulse with dense 
targets are largely determined by the parameters of the pre-
plasma layer, the formation of which is very difficult to 
avoid. Neglecting the presence of this layer when simulating 
and interpreting experimental results can lead to incorrect 
conclusions and unreliable estimates. The pre-plasma layer 
is formed as a result of the action of various types of pre-
pulses on the target, which are inevitably present in the tem-
poral structure of radiation of all types of laser systems gen-
erating ultrashort optical pulses. These are short (femtosec-
ond) pre-pulses ahead of the main pulse by tens to hundreds 
of picoseconds or by several nanoseconds; amplified spon-
taneous emission of nanosecond duration; short pre-pulses 
with a lead time of 0.1 – 5 ps. To characterise all these pre-
pulses, it is necessary to measure the contrast by the inten-
sity for each of them, which is a rather laborious task. In 
most cases, ASE would be the most crucial parameter, 
which, even with good contrast, has a significant energy 
density on the target.

It is important to emphasise that the presence of a pre-
plasma layer is not necessarily a negative factor. In particu-
lar, as shown in this review, in a number of cases it is the 
pre-plasma layer with optimised parameters that provides 
efficient generation of directed beams of relativistic elec-
trons with a large specific charge per unit of input energy.

Since the transfer of energy from a laser pulse to a 
plasma occurs mainly in the range of electron densities from 
0.1 to 0.5 of the critical value, for the problems discussed in 
this review, the key parameter is not the maximum or aver-
age density, but the density gradient in this plasma region. 
In the case of a smooth density gradient, L >>  l, both self-
focusing of the beam and its ionisation defocusing can 
occur in a rarefied plasma; in the case of L ~ l, the absorp-
tion of radiation becomes significant due to the excitation 
of waves of parametric instabilities; and at sharper gradi-
ents – due to nonlinear resonance absorption, vacuum heat-
ing, etc. An additional artificial pre-pulse can be used to 
control the gradient parameters. This provides more reli-
able control, since it allows one to independently change the 
energy, duration and intensity of the pre-pulse on the tar-
get.

The most efficient acceleration and heating of electrons 
to relativistic energies occurs in the region ne = (0.1 – 1)ncr as 
a result of the excitation of plasma waves caused primarily 
by parametric instabilities in the region ne = ncr /4 [134, 301]. 
These instabilities do not develop both in the case of L/l > 
10 and for too sharp gradients, L/l < 1. Optimisation of 
such an acceleration regime and heating of electrons is asso-
ciated with the selection of the parameters of the artificial 
pre-pulse and/or ASE, as well as the duration of the laser 
pulse, its intensity, etc. Under certain conditions, plasma 
waves excited through parametric instabilities can serve as 
an injector for acceleration in a rarefied plasma by the direct 
laser acceleration mechanism. This approach makes it pos-
sible to obtain well collimated (20 – 50 mrad) beams of rela-
tivistic electrons with an average energy of up to tens of 
MeV and a specific charge of up to 1 nC per 1 J of laser 

energy. For a wide range of applied problems, such a source 
of electrons may turn out to be preferable to a source based 
on acceleration in a gas jet by the LWFA mechanism.

Laser acceleration of ions in plasma, as a rule, implies 
the presence of extremely sharp electron density gradients 
and the use of ultrathin film targets, which dictates the need 
for the highest possible contrast of radiation at all time 
scales and, moreover, additional sharpening of the leading 
edge of the laser pulse using the plasma mirror technology. 
Pre-pulses and ASE can clean the surface of thick targets 
and increase the efficiency of acceleration of multiply 
charged ions. On films with a thickness of 1 – 10 mm, pre-
pulses blur the border on the rear surface, reducing the 
acceleration efficiency. At the same time, the regime of ion 
acceleration in a dense, almost critical, plasma is also con-
sidered, which can provide a significant increase in the the 
ion beam charge.

Targets with a structured surface should be addressed 
separately from the point of view of the effect of the con-
trast of laser radiation. Here, a necessary condition for an 
increase in the absorption of laser radiation energy, the 
energy and number of electrons and the efficiency of ion 
acceleration is also the use of high-contrast laser pulses to 
prevent the spreading of structures prior to interaction with 
the main laser pulse. In this case, the thresholds for destruc-
tion of nanostructures and microstructures are lower than for 
a smooth surface. As an alternative approach one can consider 
the experiments, in which the complete destruction of struc-
tures on the surface or in the volume ensures the formation of 
a layer of quasi-homogeneous plasma with the desired average 
density of electrons (usually subcritical) by the time of expo-
sure to the main laser pulse.

In the near future, laser systems with a high, kilo-
hertz, pulse repetition rate and peak power of 
10 – 100  TW will become available and widespread. 
With that one should expect the emergence of effective 
laboratory sources of electrons, gamma radiation and 
secondary particles for solving various fundamental 
and applied problems. Optimisation of these sources is 
inevitably associated with pre-plasma optimisation, as 
well as with the use of structured targets and other 
approaches discussed above.
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