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Abstract.  We consider the possibility of improving the superhigh-
power laser pulse to superponderomotive electrons energy conver-
sion efficiency by using porous targets of near-critical density. We 
report the results of numerical simulations based on the typical 
parameters of laser pulses of the PEARL laser facility built on the 
principles of parametric chirped pulse amplification (OPCPA). An 
original scheme for producing a controllable prepulse based on the 
use of a pump laser switched to a two-pulse regime is discussed. The 
prepulse is required to homogenise the submicron inhomogeneities 
of a porous target. Simulations show a significant increase in the 
laser-to-electron energy conversion efficiency in comparison with 
solid-state and gas targets. This interaction regime can be used to 
improve the efficiency of a broad class of laser-driven secondary 
radiation sources, such as a betatron source, bremsstrahlung, neu-
tron source, etc.

Keywords: laser-plasma interaction, near-critical density plasma, 
laser-plasma PEARL facility, controlled prepulse, efficient sources 
of secondary radiation.

1. Introduction

Relativistic electron beams generated in the course of laser-
plasma interactions are a powerful tool for producing bright 
ultrashort sources of gamma-ray radiation [1 – 4] as well as 
X-ray synchrotron radiation [5 – 8]. The efficiency of laser-
plasma sources of radiation and particles is primarily deter-
mined by the efficiency of energy transfer from a laser pulse to 

electrons. There are different mechanisms for the transfer of 
laser energy to high-energy ‘hot’ electrons (superponderomo-
tive electrons), depending on the parameters of the laser and 
the type of the target.

Target densities can be in a wide range – from solid to ten-
uous gas densities. In addition, a variety of target topologies 
are employed: targets with a sharp and distributed boundary, 
cluster targets, layered targets, capillaries, etc. The heating 
mechanisms of solid-state density targets strongly depend on 
the gradients of the preplasma at the target surface. These can 
be vacuum heating [9], resonant absorption in critical density 
plasma, ponderomotive and (J ́  B) acceleration mechanisms 
[10, 11], stochastic heating [12 – 15], etc. The interaction of 
laser radiation with low-density gas targets provides efficient 
acceleration of electrons to high energies in the wake fields 
generated in plasma channels [16 – 18]. In this case, significant 
results have been achieved in the area of monoenergetic elec-
tron beam generation. For example, the energies obtained in 
experiments on the interaction of relativistic laser pulses with 
low-density gas jets and capillary plasma are in the range 
from hundreds of MeV to several GeV [19 – 23]. However, it is 
possible to accelerate a relatively small number of electrons. 
The electron beam charges in LWFA experiments do not 
exceed several hundred pC [23 – 25]. 

One of the possibilities to increase the electron beam 
charge above the nanocoulomb level with retention of elec-
tron energy at a level from tens to hundreds of MeV consists 
in using relativistic laser interaction with a near-critical den-
sity (NCD) plasma [26 – 28]. The critical electron density is 
defined as ncr = m las

2w /(4pe2), where m and e are the mass of 
an electron at rest and its charge, and las

2w  is the laser radia-
tion frequency. One of the first theoretical works discussing 
the particle acceleration in relativistic laser channels gener-
ated in a plasma with a near-critical density is based on the 
results of 3D PIC simulations [29]. The simulations demon-
strated the channelling and filamentation of a relativistic laser 
pulse in expanding channels with a near-critical density and 
the generation of a high current of electrons with an energy of 
10 – 100 MeV, a Maxwellian energy distribution, and an effec-
tive temperature, which, among other things, depends on the 
intensity of laser radiation and the length of the plasma region 
with near-critical density. 

The mechanism of electron acceleration in an NCD 
plasma has a complex nature, since it simultaneously includes 
several physical processes. Pukhov et al. [29] proposed a 
mechanism for the direct interaction of the laser field with hot 
electrons in relativistic laser channels. The implementation of 
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this mechanism requires strong self-generated static electric 
and magnetic fields that hold fast electrons in relativistic 
channels. In these fields, electrons experience transverse beta-
tron oscillations, which ensure efficient energy exchange 
when the betatron frequency becomes close to the laser radia-
tion frequency shifted due to the Doppler effect [29]. 

Following Pukhov et al.’ work, an extended analysis of 
the interaction of a relativistic laser pulse with a subcritical 
plasma was carried out by Arefiev et al. [30] and Khudik et al. 
[31]. They investigated the direct laser acceleration (DLA) of 
relativistic electrons experiencing betatron oscillations in the 
plasma channel, as well as the role of transverse and longitu-
dinal quasi-static electric fields. In Ref. [31], a universal scal-
ing was obtained analytically for the maximum attainable 
electron energy. 

Despite all the obvious efficiency of interaction with NCD 
targets, their experimental implementation is associated with 
a number of technical difficulties that hinder research. For 
radiation pulses of the optical range, the near-critical density 
in a gas jet is achieved at a technically difficult input pressure 
of hundreds and thousands of atmospheres. At the same time, 
homogeneous liquid or solid substances with a near-critical 
density do not exist due to the smallness of the characteristic 
scale of the action of covalent chemical bonds. One way to 
obtain near-critical densities is to use solid-state microstruc-
tured targets, whose average density is reduced due to the 
presence of cavities in them. Such targets require the develop-
ment of specific production technologies, and, in addition, 
the very interaction with a high-power laser driver should 
occur some time after ionisation, so that the hydrodynamic 
expansion of the fine structure of the target could smooth out 
the density nonuniformity of the preformed plasma. This 
brings up the problem of providing preliminary ionisation for 
the preparation of a uniform plasma.

So far, only a few experiments have been performed using 
a high-power PW laser with a subpicosecond pulse duration 
[28, 32, 33] to demonstrate the advantages of the DLA mecha-
nism in plasma with a near-critical electron density. In the 
experiments under description, ultrarelativistic electron 
beams were produced in the interaction of subpicosecond 
laser pulses with an intensity of the order of 1019 W cm–2 with 
an NCD plasma prepared using a nanosecond pedestal [28] or 
a separate nanosecond pulse that generated a supersonic ioni-
sation wave in low-density foam polymers [32, 33]. These 
experiments showed a strong increase in the efficiency of con-
version of the laser pulse energy into the energy of superpon-
deromotive electrons. In addition, in Ref. [33], where brems-
strahlung in the energy range corresponding to tens of mega-
electronvolts was generated by the interaction of DLA 
electrons with a golden converter, a record value (1.2 %) of 
the conversion efficiency of laser pulse energy into gamma-
ray radiation energy exceeding 1 MeV. The possibility of gen-
erating ultrabright betatron radiation in a plasma channel, 
where relativistic electrons perform transverse betatron oscil-
lations in quasi-static fields, was shown in PIC modelling for 
the case of a subpicosecond laser pulse and a radiation inten-
sity of 1019 W cm–2 [34].

At the same time, of great interest are the feasibility stud-
ies of advancing to the region of shorter (femtosecond) laser 
pulse durations. This area is interesting in that higher pulse 
repetition rates are available in it due to the lower energy and, 
as a consequence, the applied significance of research 
increases. Promising results in the production of betatron and 

gamma-ray radiation in the exposure of near-critical density 
targets to laser pulses tens of femtoseconds in duration and at 
least 1021 W cm–2 in intensity were obtained theoretically in 
Refs [35 – 37]. However, so far experimental interaction stud-
ies have not been carried out for these parameters, and ade-
quate scaling to femtosecond pulses has not been obtained, 
which calls for numerical simulations with parameters close 
to experimental ones. 

The aim of this work is full-scale numerical simulation of 
the interaction of a femtosecond laser pulse with NCD targets 
for parameters typical for the PEARL laser facility [38]. Since 
it is well known that nanostructures in plasma can signifi-
cantly affect the interaction regime [39], special emphasis is 
placed on the practical aspect of preparing a homogeneous 
plasma from a porous target. Plasma of near-critical density 
is prepared several nanoseconds before the arrival of a high-
power laser pulse using nanosecond radiation from the pump 
laser of the PEARL facility, which is switched to the original 
double-pulse regime. 

The expected efficient increase in the laser to superpon-
deromotive electron energy conversion efficiency when using 
extended porous targets can form the basis for new efficient 
laser-driven sources of fast particles and X-ray radiation. 

2. Production of near-critical density targets 

Obtaining a uniform hydrodynamically stable layer of NCD 
plasma remains an urgent task. 3D PIC simulations of the 
interaction of relativistically intense laser radiation with 
large-scale NCD plasmas [26, 27] suggest that low-density 
polymer airgel [40 – 42] is a highly promising material for pro-
ducing submillimetre-thick NCD plasma and efficient elec-
tron acceleration in it. 

To obtain a homogeneous plasma with a high aspect ratio 
(the thickness of the formed plasma layer is much greater 
than the width) and an electron density slightly below the 
critical one, use can be made of polymer airgel layers with a 
density of 2  mg  cm–3 and thicknesses of 300 and 500  mm 
[40 – 42]. Airgel foams are optically transparent and are char-
acterised by a very uniform three-dimensional reticular 
microstructure with a thickness of 0.1 mm, consisting of pores 
1 – 2  mm in size and 1  mm fibres with a density of about 
0.1 g cm–3. Density fluctuations over an area of 100 ́  100 mm 
do not exceed 0.5 %. Due to the open cell structure, the air 
contained in the pores can be removed. An average foam 
volume density of 2  mg  cm–3 corresponds to 1.7 ́  
1020 atoms per cm–3 and an average ion charge Zmean = 4.2. 
When a nanosecond laser pulse that produces a plasma inter-
acts with the surface of the foam, the solid membranes/fibres 
ionise. The plasma generated by ionisation of fibres with a 
density of 0.1 g cm–3 (8 ́  1021 atoms per cm–3) and a thickness 
of 100 nm has a supercritical electron density, while the fibre 
thickness is greater than the skin layer thickness (~30 nm). 
Therefore, it takes time for the resultant plasma to expand 
into the pores. As a result, the subcritical electron density is 
reached and further propagation of the laser pulse into the 
three-dimensional structure of the airgel occurs. The intensity 
of a nanosecond pulse producing a plasma can be matched to 
the density and thickness of the target [32, 43] so that the 
velocity of the ionisation front is much higher than the veloc-
ity of ionic sound. In this case, during the propagation of the 
supersonic ionisation wave, the heated plasma region with a 
large aspect ratio does not undergo a noticeable expansion. 
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3. Parameters of the laser facility 

The basis of the PEARL laser-plasma facility is a femtosec-
ond laser OPCPA system [38] with the centre wavelength of 
910  nm. At the compressor output, the laser pulse has an 
aperture of ~180 mm, a duration of less than 60 fs, and an 
energy of 15 – 25 J in the regime without significant degrada-
tion of optical elements. If necessary, by realigning the 
stretcher – compressor system, the pulse duration can be read-
ily increased with retention of its energy by introducing linear 
frequency modulation into the pulse. The use of an adaptive 
wavefront correction system makes it possible to achieve 
focusing with a Strehl number S = 0.6 [44, 45] and higher. 
When using a parabolic mirror with a focal length of 75 cm, 
taking into account the residual phase aberrations, the char-
acteristic radius of the radiation intensity distribution at the 
focus will be 3.5 mm at the e–2 level, which will make it possi-
ble to obtain radiation intensity up to 1021  W  cm–2 (20  J, 
60 fs). The contrast ratio of the laser system is, according to 
Ref. [46], 2 ́  108 on a time scale of 0.5 ns and is satisfactory 
for experiments with near-critical density targets. 

4. Preionisation of the target 

For controlled preionisation of the target, we plan to use a 
nanosecond pump laser converted to the original double-
pulse operation regime [47, 48]. This regime is based on the 
separation of a pump radiation pulse at a wavelength of 
1054 nm in front of power amplifiers into two replicas with 
different polarisations and a controlled energy ratio. As a 
result of an effective increase in the pulse duration, such a 

configuration allows one, on the one hand, to reduce the 
distortion of the temporal envelope during amplification in 
the saturation regime, and, on the other hand, to extract 
additional energy from the amplifier stages, remaining 
below the radiation damage threshold of the optical ele-
ments [47, 49]. 

The double-pulse regime was developed for pumping 
additional parametric amplifier stages due to a more com-
plete use of the energy stored in glass active elements while 
maintaining their number and architecture of the laser facil-
ity. Due to the polarisation separation of the pulses, the dou-
ble-pulse regime can be readily adapted for laser-plasma 
interaction in the regime of a controlled nanosecond prepulse. 
In this case, one of the pulses will be used for the preionisation 
of the porous target, and the other for pumping the paramet-
ric amplifier. 

A schematic of controllable prepulse production is shown 
in Fig. 1.

The use of the PEARL facility for generating the prepulse 
of a nanosecond pump laser permits solving several problems 
simultaneously: to ensure timing of the prepulse with the 
high-power femtosecond pulse with the possibility of control-
ling the delay between them and to provide prepulse energy 
from several to hundreds of joules. 

The PEARL facility is based on parametric amplification 
and has therefore been designed with the highest demands on 
the temporal stability of the signal pulse relative to the pump 
pulse. The initial electrical timing system provides 50 ps jitter 
between the signal pulse and the pump pulse [50]. The upgrade 
of the system planned for the near future using optical timing 
approaches [51] will further reduce jitter to a subpicosecond 
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Figure 1.  Block diagram of the production of a controlled nanosecond prepulse in the PEARL laser facility:				  
(MO fs and MO ns) femtosecond and nanosecond master oscillators; (PAA) parametric amplifiers; (A) neodymium pump amplifiers (Nd: YAG: 
A1 and A2; neodymium-doped phosphate glass: A3 and A4); (SHG) second harmonic generator; (P) polariser; (x2) double-pulse shaping system; 
(L) lens for focusing nanosecond prepulse; (PM) off-axis parabolic mirror for focusing femtosecond pulses. Focusing and compression take place 
in vacuum chambers (not shown in the figure).
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level. Therefore, no additional measures are required to syn-
chronise the pulses at the target. A fine change in the delay 
between femtosecond and nanosecond pulses can be intro-
duced mechanically by changing the length of the delay line, 
which is convenient to place at the beginning of the laser con-
figuration (x2 in Fig. 1), where the pulse energy is several mil-
lijoules and the aperture size does not exceed 1 cm. 

Note that the use of the double-pulse regime required 
upgrading the optical isolation of the pump laser configura-
tion. The pulses have different polarisations, and so a stan-
dard Faraday isolator is capable of providing optical isola-
tion for only one of the pulses. The PEARL facility uses a 
Faraday isolator design for an arbitrary polarisation of the 
radiation pulse [47]. The optical quality of the pump beam 
after amplification is characterised by the Strehl number S » 
0.15 [48].

5. Numerical simulations

The interaction of laser radiation with a near-critical-density 
plasma was simulated using a fully relativistic three-dimen-
sional VLPL PIC code [52] for the laser parameters and inter-
action geometry corresponding to the experiments planned at 
the PEARL facility. The pulse energy of the focused laser 
radiation was 15 J. The pulse was assumed to be Gaussian, 
and the intensity distribution along the beam radius was also 
assumed to be Gaussian. In this case, 7.5 J is localised in a 
spot with a diameter of DFWHM = 4.12 mm. The pulse dura-
tion tFWHM was 60 fs, which corresponds to the peak intensity 
I0 = 1.2 ́  1021 W cm–2 and the dimensionless amplitude of the 
laser pulse field a0 = eEy/(mecw0) = 30, where Ey is the ampli-
tude of the electric field of the laser pulse, and w0 is its fre-
quency. 

A homogeneous plasma consisted of fully ionised carbon, 
hydrogen, and oxygen ions and electrons with a density ne = 
(1.0 or 2.0) ncr. The simulation took into account the type of 
ion and ionic fraction in accordance with the chemical com-
position of cellulose triacetate C12H16O8. The simulation area 
had dimensions of 128 ́  35 ́  35 mm. The first 10 and the last 
18 mm from the total space of 128 mm in the x direction (the 
direction of propagation of the laser pulse) were initially free 
of plasma. The dimensions of the computational cell were 
0.05 mm along the x axis and 0.15 mm along the y and z axes. 
The number of particles per cell in the simulation was 4 for 
electrons and 1 for ions of each type. The boundary condi-
tions were absorbing for particles and fields in every direction. 

Figure 2 shows the results of simulating the energy spectra 
of accelerated electrons emitted from the computational 
domain during the entire interaction time (ct = 200 mm, where 
c is the speed of light; t is the time measured from the moment 
when the maximum of the laser pulse is at the left boundary 
of the target). Up to an energy of about 70 MeV, the number 
of accelerated electrons and their energy distribution practi-
cally coincide (to within 10 %) for both target electron densi-
ties, ne = 1.0 ncr and 2.0 ncr. However, for energies exceeding 
100 MeV, the number of accelerated electrons in the lower-
density target (ne = 1.0 ncr) is several times higher than in the 
doubled-density target (ne = 2.0 ncr) (see Table 1). In this case, 
for the lower-density target, the electron spectrum in the 
energy range above 20 MeV can be approximated by a two-
temperature distribution with T1 » 9 MeV and T2 » 27 MeV, 
and for ne = 2.0 ncr by a distribution with the temperatures 
T1 » 6 MeV and T2 » 17 MeV (in the energy range exceeding 
10 MeV). 

Figure 3 shows the spectra of accelerated electrons (nor-
malised to the energy of laser pulses) emitted from the compu-
tational domain and localised in spots with a diameter DFWHM 
for the PEARL facility (7.5 J) [38, 39] and for the PHELIX 
facility (17.5  J, tFWHM = 700  fs, DFWHM » 10  mm, I0 = 
2.5 ́  1019 W cm–2 and a0 = 4.3) [33]. Comparing the spectra 
presented (see also Table 1) clearly indicates an increase in the 
efficiency of conversion of the laser pulse energy into the 
energy of relativistic electrons with increasing intensity, even 
despite a tenfold decrease in the duration of the PEARL laser 
pulse relative to the PHELIX pulse. 

The angular distributions of electrons emitted from the 
computational domain with energies exceeding 7 MeV for the 
target electron density ne = 2.0 ncr are shown in Fig. 4 and for 
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Figure 2.  Energy spectra of accelerated electrons for the PEARL pa-
rameters (60 fs, a0 = 30) at electron densities of 1.0 ncr (red triangles) and 
2.0 ncr (blue squares). Solid lines are two-temperature approximations 
of the spectra with temperatures T1 » 9 MeV and T2 » 27 MeV for ne = 
1.0 ncr and with temperatures T1 » 6 MeV and T2 » 17 MeV for ne = 
2.0 ncr.
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Figure 3.  Energy spectra of accelerated electrons normalised to the la-
ser pulse energy lasE  for the PEARL parameters (tFWHM = 60 fs, a0 =  
30, lasE  = 7.5 J) for plasma densities 1.0 ncr (red triangles) and 2.0 ncr 
(blue squares) and PHELIX parameters (tFWHM = 700  fs, a0 = 4.3, 

lasE  = 17.5 J) for a plasma density of 0.65 ncr (green triangles).
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ne = 1.0 ncr in Fig. 5. When the density is double the critical 
one, the two brightest spots in the angular distribution in the 
vertical plane (laser radiation is polarised along the y axis) 
indicate the decisive role of direct laser acceleration (DLA) 
[29] in the generation of ultrarelativistic electrons. 

With a decrease in the target density (ne  = 1.0 ncr) and, 
accordingly, an increase in the laser pulse – plasma interaction 
length (in which the pulse is almost completely absorbed), the 
accelerated electrons are isotropised in the azimuthal angle 
due to the mutual influence of the relativistic electron motion 
in the plasma channel in the perpendicular directions Oy and 
Оz [30], as well as due to the possible additional contribution 
of the stochastic electron acceleration in the presence of irreg-
ular plasma fields [14, 15] (cf. Figs 4 and 5). 

The contribution of stochastic acceleration to the genera-
tion of high-energy electrons was also discussed in Ref. [53] in 
the simulation of the interaction of a shorter laser pulse (30 fs) 
with a more tenuous plasma (ne = 1.0 ncr), where they demon-

strated an efficiency of electron acceleration to energies 
exceeding 30 MeV, close to our results, with a laser radiation 
conversion factor of ~15 %. 

6. Conclusions

The results of numerical simulations for the PEARL laser 
facility demonstrate a high efficiency of direct laser accelera-
tion of electrons from near-critical density targets with elec-
tron densities ne = 1.0 ncr and 2.0 ncr. In both cases, the energy 
spectrum of accelerated electrons extends to 150 – 200 MeV 
and is described by two effective temperatures, the first of 
which is close to the ponderomotive potential, and the second 
exceeds it by two to three times. In this case, the charge of 
electrons with energies above the ponderomotive energy 
(11  MeV) is 100  nC for both target densities with electron 
densities of 1.0 ncr and 2.0 ncr. For a target with ne = 1.0 ncr, the 
charge of electrons with energies above 100 MeV is 900 pC 
with a laser pulse energy conversion efficiency of 1.6 %, which 
is three times higher than for a target with ne = 2.0 ncr. 

The efficiency of conversion of the laser pulse energy into 
the energy of relativistic electrons up to 100 MeV is signifi-
cantly higher than the efficiency both for LWFA and for 
interactions with solid targets. In particular, electrons with 
energies above 30 MeV, which are of particular interest for 
constructing secondary radiation sources on their basis, con-
tain more than 10 % of the energy of the laser driver. The sim-
plest version of such a source can be built on the basis of a 
bremsstrahlung mechanism, for which a converter is located 
directly behind the NCD target: a layer of atoms with a high 
charge number Z. The angular spectrum of the bremsstrah-
lung source will hardly differ from the angular electron distri-
bution and will therefore be highly directional, which is espe-
cially important for applications. Secondary X-rays can also 
be obtained using the undulator mechanism [54] and Thomson 
backscattering [55]. In addition, a short-pulse neutron source 
can be implemented on the basis of a superponderomotive 
electron beam [56, 57]. 

It is planned to solve the problem of preparing the plasma 
with the requisite parameters in the laboratory by using airgel 
targets, which will be ionised by the pulse of the PEARL 
pump laser switched to an original two-pulse regime.

Table  1.  Efficiency of energy transfer of a laser pulse to electrons.

Parameters
PEARL 
(7.5 J ) 
ne = 2.0 ncr

PEARL 
(7.5 J ) 
ne = 1.0 ncr

PHELIX 
(17.5 J ) 
ne = 0.65 ncr

Energy range

Number 
of electrons 
per 1 J 
of laser 
pulse 

3.4 ́  1011 3.5 ́  1011 1.96 ́  1011 E  > 3 MeV

1.7 ́  1011 1.5 ́  1011 0.72 ́  1011 E  > 7 MeV

1.7 ́  1010 1.7 ́  1010 0.62 ́  1010 E  > 30 MeV

2.3 ́  108 7.5 ́  108 – E  > 100 MeV

Total 
charge/nC

408 420 510 E  > 3 MeV

203 180 187 E  > 7 MeV

22 20 15 E  > 30 MeV

0.3 0.9 – E  > 100 MeV

Energy 
fraction 
transferred 
to electrons

57 % 56 % 27 % E  > 3 MeV

44 % 41 % 17 % E  > 7 MeV

13 % 13.5 % 3.6 % E  > 30 MeV

0.43 % 1.6 % – E  > 100 MeV
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Figure 4.  Angular distribution of electrons with energies above 7 MeV 
(PEARL, ne = 2.0 ncr) emitted into the solid angle element dW = 
djsinqdq in the direction of propagation of the laser pulse. 
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