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Femtosecond laser plasma is a novel source of electrons accelerated to high energies 

from MeV to GeV. Applications demand low divergent electron beams useful for electron 

accelerators and Thomson X-ray sources, laboratory astrophysics, ultrafast electron 

microscopy, hard X-ray bremsstrahlung sources, nuclear spectroscopy, phase contrast X-ray 

imaging. The most advanced schemes explore wakefield acceleration in low density gases, 

while acceleration at dense plasma boundary provides much higher bunch charges but, in most 

cases, almost 2 divergence and a broad quasi-exponential spectrum [1-3].  

In recent years, many scientific groups observed beams of fast electrons from plasma 

created at a solid target [1,4-8], but there is now good understanding of optimum plasma 

conditions for production of a collimated MeV bunch of electrons.  

Here we demonstrated efficient electron acceleration in the plasma channel with 

injection through the breaking of plasma waves generated by parametric instabilities. It was 

shown experimentally that in the case of optimal preplasma parameters femtosecond laser pulse 

with an intensity of 5×1018 W/cm2 and an energy of 50 mJ generates a collimated electron 

bunch having divergence of 50 mrad, exponential spectrum with the slope of ~2 MeV and 

charge of tens of pC [9]. The charge was confirmed measuring neutron yield from Be(g,n) 

photonuclear reaction with threshold of 1.7 MeV.  

Experiments were carried out at the 1 TW TiSa laser facility of the International Laser 

Center of Lomonosov Moscow State University (800 nm, 50 mJ, 50 fs FWHM, 10 Hz). The 

amplified spontaneous emission (ASE) appears 2 ns before the main pulse and has contrast of 

10-7 by intensity to the main pulse 10 ps before it. The p-polarized laser radiation was focused 

by the off-axes parabola (f=10 cm) onto a tungsten target with an angle of incidence θ~450. The 

focal spot in vacuum was 3 μm FWHM, thus giving peak vacuum intensity of 5·1018 W/cm2. 

We used additional Nd:YAG laser (1064 nm, 10 Hz, 200 mJ, 10 ns FWHM) to create a 
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preplasma. Peaks of laser pulses coincided in time for this study with jitter less than 1 ns. This 

maximizes gamma yield (and yield of high energy electrons) [10]. The nanosecond beam was 

focused at the target surface by the same parabola. Intensity of this radiation was ~5×1012 

W/cm2 with the focal spot ~15 μm.  

The electron bunch (Fig.1) was produced using arbitrary sharp L ~ 0.5λ gradient at the 

vicinity of 0.1-0.5 critical density and a long tail of teneous preplasma. We successfully formed 

such a gradient by an additional nanosecond laser pulse with intensity of 5×1012 W/cm2 [10]. 

The reflected pulse creates plasma channel that serves for the DLA of electrons. Finally, well 

collimated bunch of high energy electrons emerges with mean electron energy well above the 

ponderomotive energy of the femtosecond pulse. Additional calculations showed that L~0.5λ is 

the optimal scale length for the considered mechanism of electron acceleration.  

 

Fig.1. Images of the electron beam (a) and the reflected laser beam (b) as well as electron energy spectra (c). 

Diameters of circles in figures a,b depict angular divergence of 0.2 rad. 

 

Numerical simulations of femtosecond laser-plasma interaction were performed using 

the fully relativistic 3D3V Particle-in-cell code MANDOR [11] in 2D3V regime. Size of the 

simulation box was 30λx50λ, temporal and spatial resolutions of the numerical grid were 0.003 

fs and 0.01λ, respectively. Temporal and spatial envelopes of the laser pulse were Gaussian 

with peak intensity of 5×1018 W/ cm2. The laser pulse has duration of 50 fs FWHM and 

diameter of 4λ FWHM in the focal plane. P-polarized radiation was incident at 45 degrees. The  

plasma gradient used was , where  is the 

coordinate along the normal to the target surface, =0 corresponds to the simulation box 

entrance boundary. This preplasma profile corresponds to the nanosecond pulse intensitiy of 5 

× 1012 W/cm2. Fields and electron density dependences on spatial coordinates and time, as well 

46th EPS Conference on Plasma Physics O5.203



as trajectories of individual particles were saved for further processing with steps of 0.05λ and 

0.1 fs, respectively. 

Fig.2b plots dependences of the electron density on energy and emission angle of 

electrons with energies above 1 MeV, while fig.2a shows spatial distributions of magnetic field 

Hz of the reflected laser pulse at instant t =40 fs (t = 0 when half of the laser pulse is reflected). 

our numerical simulations qualitatively explain angular structure of electron and reflected laser 

beams observed in the experiment. In the numerical simulations electron beam divergence was 

approximately twice larger than in the experiment. This may be since experimentally obtained 

channel is longer than in simulations. It’s also worth noting that simulations were performed in 

the 2D mode, therefore one should not expect adequate quantitative descriptions for 

self-focusing of a laser pulse and channel formation. 

 

 
Fig. 2 Numerical simulation results: angularly resolved energy spectra of high energy (above 1 MeV) electrons (b), 

spatial distributions of the magnetic field Hz in plasma (a) and initial electron density profiles (c).  

 

Simulations of a test electron’s motion in the complex electromagnetic field consisting 

of the laser pulse and static azimuthal electric and magnetic fields showed that an electron 

acquires maximum energy at the channel exit if its initial energy amounts to several hundred 
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keV and it is injected at the instant of the maximal field of the laser pulse. Plasma waves of the 

hybrid SRS-TPD instability are capable of injecting electrons with required energies in the 

channel. This instability generates two groups of waves: one moves along the plasma surface 

and the other - approximately in the perpendicular direction toward lower densities. Analysis of 

electron’s trajectories obtained from the PIC-modeling showed that the first group of waves 

accelerates electrons, while the field of the second group pushes electrons into the plasma 

channel. These waves were evidenced experimentally and numerically from the scattered 3/2w0 

harmonic.  

The briefed mechanism of injection requires deeper insight, while the acceleration 

regime described could be further optimized. In particular, it is of special interest to check its 

applicability at higher intensities to path a way to the table top production of well collimated 

electron bunches with high, tens of nC, charge and mean energy (or slope) above 10 MeV. 
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