Fast Electrons Generation by Sub-Relativistic Laser Pulse Acting onto Plasma with Varied Density Scalelength
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From the point of view physical processes, which take place in plasma, created by ultrashort laser pulse, the generation of so called “hot electrons” with energies, exceeding thousand times the energy of thermal electrons, is very interesting. However, the interplay of different mechanisms of hot electron production depends on intensity of laser pulse and electron density scalelength. This topic becomes extremely important at intensities around relativistic “threshold” where no thorough investigations have been made yet. 
We present our recent results on hot electron production under action of femtosecond laser pulse onto solid targets with varied spatial extent of electron density. In our experiments plasma was created by a pulse, delivered by 1 TW Ti:Sa laser system (pulse duration – 55 fs, energy of pulse – 10 mJ, wavelength – 800 nm, repetition rate – 10 Hz). The intensity was varied from 5x1016 to 1018 W/cm2 by off-axis parabolic mirror displacement off its focal plane. This allows  to reveal the appearance of different hot electron components. Turning off the Pockells cell at the output of regenerative amplifier we obtained the laser pulse with prepulse ahead of main pulse at 12.5ns. By small rotating of the crystal in the Pockells cell at the input of regenerative amplifier the energy of the prepulse was changed from 8x10-7 to 10-1 of main pulse energy thus allowing to create pre-plasma with controlled spatial extent.
Using PMT connected with NaI scintillations crystals with different thicknesses (1 and 6.3 cm) we have measured the x-ray spectrum of plasma in 10 keV-10 MeV quanta range. It is worth noting, that direct spectral measurements using scintillations technique are not correct, because of inelastic Compton scattering of detected x-ray photons. This becomes important already at quanta energies of 100 keV and above and leads to distortion of spectrum and hence to not accurate electron temperature estimation (see Fig.1). We have developed a numerical algorithm, which simulates the interaction of x-ray photons from a given energetic distribution with NaI crystal. Comparing the measured and simulated spectra we estimated the temperature of hot electrons in plasma.
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Fig.1. Distortions of spectrum at it measurement.
We observed the interplay of different hot electron components when the intensity is increased from moderate to relativistic one at prepulse energy 3x10-5 of main pulse energy. At intensity 8x1016 W/cm2 there is one hot electron component in plasma with temperature 12±3 keV, governed by the mechanism of resonant absorption. Whereas at intensity 1018 W/cm2 there are already three components with temperatures 30±10, 150±20 keV and 2100±200 keV (see Fig.2). The second component can be explained both by mechanisms of resonant absorption at sub-relativistic intensity and acceleration by ponderomotive potential. But as far as we haven’t measured the angular distribution of hot electrons, we cannot tell for sure, which of these mechanisms play a main role in this case. Electrons in the most energetic component, we assume, are accelerated by wakefield in plasma. At high intensity of laser pulse, the intensity of prepulse is high enough to create a preplasma. It means that the main pulse will propagate not in vacuum, but in a small cloud of matter few micrometers across. In this case the mechanism of wakefield acceleration becomes possible. Maximal energy of x-ray quanta detected at this intensity reached 4-5 MeV.
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Fig.2. Temperatures of hot electron components at different intensities.

Spectral measurements at different prepulse energies revealed, that at intensity 1018 W/cm2 the temperatures of two “low energetic” components remain approximately the same, whereas the temperature of the most energetic electrons strongly depends on prepulse amplitude. Thus, at prepulse energy of 8x10-7 it temperature is “only” 1100±100 keV, comparing to 2100±200 and 1900±200 keV at prepulse energies 3x10-5 and 30-1 of main pulse energy, respectively. It means, that at low contrast of laser pulse the acceleration of electrons to MeV energy range becomes more effective, which proves our assumption of wakefield acceleration.

We also made 2D3P PIC simulations by the Mandor code and revealed, that at interaction of femtosecond laser pulse with spatially extended plasma few hot electron components are observed with energies, close to ones estimated from experimental results. Moreover, when the spatial extent is increased from 4 to 100 µm, the temperature of the most energetic components rises substantially, which agree well with our experiments.
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