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GeV-class High Quality Electron Beams Accelerated by
Laser Wakefield in Capillary Discharge Plasma
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This dissertation reports the results of the research for electron beams acceleration
with laser wakefield in capillary discharge plasma. The aim of this research is to
increase energy gain of electron beams by solving a problem of laser wakefield
acceleration, that is, shortness of acceleration length. Since excitation of the laser
wakefield needs a laser pulse with a high intensity, the duration of the laser wakefield
strictly depends on the length of laser focusing, which is fundamentally determined by
diffraction of laser beams. The acceleration length is limited to be only a mm-scale
owing to the diffraction effect. In order to overcome the diffraction limit, a
discharge-plasma channel is proposed. The discharge-plasma channel generated in a
capillary plays a role of an optical waveguide for propagating an intense laser pulse
and prevents the laser pulse from defocusing over many Rayleigh lengths. This
technique enables one to extend the acceleration length much longer to be a cm-scale
that is required for accelerating electron beams up to the GeV-range energy.

Ablative capillaries made from acrylic resin are investigated for the generation of
discharge-plasma channel. Propagation of intense laser pulses in plasma depends on
the radial profile of refraction index which is determined by a plasma density profile in
the capillary. Therefore, the plasma density profile in the capillary-discharge-plasma
channel was characterized by the plasma-spectroscopy measurement. The temporal
evolution and the dependence on discharge current are acquired for the search of the
optimum condition of laser optical guiding. In addition, plasma dynamics in the
capillary are numerically simulated on base of magnet hydro-dynamics by using the
parameters taken by the plasma-spectroscopy measurement. In the simulation, the
plasma parameters such as density, temperature, and a current profile can be calculated
from the measured discharge current and the material of the capillary wall. The results
of the measurement and the simulation in good agreement verify that a formed density
channel in the capillary is capable of optically guiding an intense laser pulse.

Two experiments of laser wakefield acceleration were demonstrated with the
ablative capillary and the ultra-intense lasers, the SILEX-I at the China Academy
Engineering Physics (CAEP) and the J-KAREN at the Japan Atomic Energy Agency
(JAEA). The laser system of the CAEP institute provides laser pulses with a maximum
energy of 5.6 J and a pulse duration of 27 fs. Laser pulses up to energies of 4.4 J are
optically guided in the capillary-discharge-plasma channel with a length of 4 cm. The
laser spot size at the exit of the capillary is close to the initial injected one at the
entrance of the capillary. When 3.8 J laser pulses are injected into the
capillary-discharge-plasma channel, the GeV-class, high-quality beams are produced,
showing an energy of 0.56 GeV, an energy spread of 0.21 % r.m.s., and a divergence of
0.58 mrad r.m.s. In the experiment at the JAEA institute, the stable conditions for the

optical guiding and the electron productions are investigated. It is found that the
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optimum condition of the electron production is not always matched to that of the
optical guiding. The designed capillary has a low plasma density at a timing of the
optimum condition of the optical guiding. Therefore, the provision of electrons for the
laser wakefield due to the background plasma is difficult to occur. In addition, erosion
of ablative capillaries is inspected. It is observed that after more than 100 shots an
enlargement of the capillary’s diameter is small enough to be negligible. However,
warped irregularities and many blisters emerges around the inner wall of the capillary
due to water absorption in the capillary wall and thermal expansion caused by
discharge current. Such geometric distortion would make a plasma profile also warped,
so that the path and the profile of a laser pulse would be strayed and deteriorated.

The electron beams acceleration experiments with the investigated capillary verifies
that the laser wakefield can accelerate electron beams up to GeV-class with high
collimation through optical guiding in the capillary-discharge-plasma channel with a
length of a cm-scale. These results shows a prospect of the arrival of ‘tabletop
accelerators’ delivering high-quality GeV-range beams. With improvement of the
capillary-discharge technique and separation of electron injection and acceleration,
electron beams accelerated by the laser wakefield in the capillary-discharge-plasma
channel is capable of achieving the strict beam parameters required by advanced
accelerators, such as the x-ray free electron laser.
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