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Introduction

Research on electron acceleration in a plasma produced by an intense laser pulse has
been performed [1]. We performed experiments using a plasma (the electron density, ne
~ 10” cm™) produced by an intense (2TW) and short laser pulse (the laser pulse
duration, 1, =50 fs ). In our experimental condition ( ®,t, ~ 28 ), proposed
acceleration mechanisms were the self-modulated laser wakefield acceleration
(SMLWFA) [2] and the direct laser acceleration (DLA) [3,4]. Here, o, and 1, are
the plasma frequency and the laser pulse duration, respectively. There have been few
reports on electron acceleration experiments in a plasma (n. = 10?° cm™) produced by
a laser pulse shorter than 50 fs [5] and have not been clarified the energetic electron

acceleration mechanism.

Experiment

The experiment was performed with a 2-TW Ti:sapphire laser system, which
delivered an energy of 100 mJ in duration of 50 fs. The center wavelength was 800 nm.
The laser beam was focused on a gas jet by an off-axis parabolic mirror (165mm focal
length, /3.3). The focal position was ~1 mm away from the center of the nozzle and
adjusted to the position where the largest number of energetic electrons were observed.
The average intensity in a focal spot diameter of 5 4/ m in a vacuum was 5% 10" W/cm?,

which corresponds to the normalized vector potential ay of 1.5. A nitrogen (N,) gas jet
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Fig. 1 The molecular density profile of the N, gas Fig. 2 Electron density dependence of electron

jet. energy spectra.

was ejected from a supersonic nozzle with an exit diameter of 1.5 mm. Figure 1 shows
the N, density profile at 1.5 mm from the exit measured by an interferometer when the
reservoir pressure of the pulsed valve was 13 bar. Under our experimental conditions,
the stable ionization to N°* is expected. Then, the electron density was estimated to be
1x10%° cm™ at the nozzle center. An energy spectrum of the electron beam was
measured by an electron spectrometer (ESM) in the forward direction of the laser pulse
propagation. A Fuji Imaging Plate (IP) was used as a detector. The measured electron
energy range was from 0.2 to 30 MeV. In order to clarify the electron acceleration
mechanism, we also observed a spectrum of the forward scattered light as well as the
side scattering light image.

Figure 2 shows the electron energy spectra for various electron densities from 5% 10"
to 1x10* ¢cm™ by changing the reservoir pressure of the pulsed valve. At an electron
density of 10 em™, the spectrum had the Boltzmann-like distribution with an electron
effective temperature of 4.3 MeV. The maximum electron energy was 30 MeV and the
total number of electrons above 1 MeV was 10 pC/shot. Figure 3 shows a typical
forward scattering light spectrum at the electron density of 1X10* ¢m™. The first
Stokes satellite peak of forward Raman scattering was observed at around 1000 nm.
From the wavelength of the satellite, an electron density of the region where the plasma

. . . 20 3
waves were excited is estimated to be ~107 cm

considering relativistic effect of ap =
1.5. When the Stokes satellite was observed, the strong side scattered image with the
length of over 400 pum shown in Fig. 4 was simultaneously observed. This region
exists from ~400 pm before the nozzle center to the center. These two results suggest

that the plasma waves were excited in the region with the electron density of ~10%° cm™
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Fig. 4 A side scattered light image through
Fig. 3 A forward scattered light spectrum interference filter of 800 nm. A dotted circle

shows the nozzle exit.
in the length of over 400 pm. When the electron density decreased from 1% 10* cm™

to 5% 10", the maximum electron energy and the total charge of the energetic electrons
(> 1 MeV) decreased.

Discussion

Here, we discuss the electron acceleration mechanism. It is clear that the SMLWFA
contributed to the electron acceleration, because the excitation of plasma waves at n. =
1x10* cm™ was confirmed from the spectrum shown in Fig. 3. The strong side
scattering shown in Fig. 4 correlated with the appearance of the Stokes satellite peak
and was observed, without any significant changes in the length and position even at the
lower density plasma (5 ~ 6X10" cm™). Then, we consider that the electron plasma
waves were excited at the lower density. If the plasma waves were excited in the strong
side scattering region, the length of the region (over 400 pm) is sufficient long to cause
the wave breaking. In SMLWFA, the maximum electron energy is approximately
proportional to 1/n. assuming vy, >>1. Here, vy, is the ratio of the laser frequency to
the plasma frequency. However, when the electron density decreased from 1%10% to
6%10" cm™, the maximum electron energy decreased. This energy reduction might be
caused by the disappearance of the wave breaking in SMLWFA. The length needed for
the wake field to reach the wave breaking limit field becomes longer, as the electron
density decreases. Therefore, at lower electron density, the wave breaking might not
occur and the maximum energy and the total charge of the energetic electrons (> 1
MeV) decreased. On the other hand, the observed maximum electron energy (30 MeV)
was higher than the estimated value in SMLWFA (20 MeV) for the linear wave breaking
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limit field. Then, we consider that the electrons were accelerated by both SMLWFA and
DLA in our experimental condition. If the wave breaking did not occur at electron
density of under 6X10" c¢m™, the electron acceleration by DLA was the dominant
mechanism at that density region. Then, we consider that the energy reduction occurred

from the electron density of 6X10" to 5%10' cm™

was caused by the suppression of
the relativistic self-focusing (RSF) effect. The threshold power of RSF increases, as the
electron density decreases; then, the laser power focused in the channel by RSF
decreases and the maximum electron energy decreases in DLA.

We, therefore, considered that both SMLWFA and DLA contributed to the electron
acceleration in our experimental conditions. Using particle in cell simulation, in Ref. 6,
it has been shown that both SMLWFA and DLA contribute to electron acceleration

under the condition close to our experimental condition (n. = 1 X 10%° cm'3, ap ~1.0 and

0,1, ~17).

Summary

The maximum electron energy observed was 30 MeV and the total charge of the
electrons (> 1MeV) was 10 pC. The Stokes satellite peak was observed at the electron
density of 1X10* cm™. We consider that both SMLWFA and DLA contributed to the
energetic electron acceleration in our experimental conditions (a) = 1.5 and ® 1, =
28).
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