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Fig. 1a: Schematic of the direct electron acceleration in a laser field and its
realization in the experiment. Credit: Forschungsverbund Berlin e.V. (FVB)
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Controlled direct acceleration of electrons in very strong laser fields can
offer a path towards ultra-compact accelerators. Such a direct
acceleration requires rectification and decoupling of the oscillating
electromagnetic laser field from the electrons in a suitable way.
Researchers worldwide try to tackle this challenge. In experiments at the
Max Born Institute, direct laser acceleration of electrons could now be
demonstrated and understood in detail theoretically. This concept is an
important step towards the creation of relativistic and ultra-short
electron pulses within very short acceleration distances below one
millimeter. Resulting compact electron and related x-ray sources have a
broad spectrum of applications in spectroscopy, structural analysis,
biomedical sciences and for nanotechnology.

The way electrons can be accelerated up to relativistic kinetic energies in
strong laser fields is a fundamental issue in the physics of light-matter
interaction. Although the electromagnetic fields of a laser pulse force a
free electron previously at rest to oscillations with extremely high
velocities, these oscillations cease again when the light pulse has passed
by. A net energy transfer by such a direct acceleration of a charged
particle in the laser field cannot take place. This fundamental principle -
often discussed in physics exams - is valid for certain boundary
conditions of the spatial extent and intensity of the laser pulse. Only for
particular, different boundary conditions, electrons can indeed receive a
net energy transfer via acceleration from the strong laser field. These
conditions can be set e.g. by focusing of the laser pulse or the presence
of strong electrostatic fields in a plasma.

Worldwide, scientists are looking for solutions how fast electrons can be
extracted from extremely strong laser fields and how one can obtain
short electron pulses with a high charge density via ultra-short laser
pulses.

In light fields of relativistic intensity (I> 1018 W/cm2) electrons oscillate
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with velocities close to the speed of light. The corresponding kinetic
energy reaches values from MeV to GeV (at I> 1022 W/cm2. Strong light
fields are realized by focusing ultra-short laser pulses with high energy
down to areas of few micrometers. The resulting spatial intensity
distribution does already enable the acceleration of the electrons up to
high kinetic energies. This process is known as ponderomotive
acceleration. It is an essential process for the interaction between strong
light fields and matter. Various theoretical studies, however, have
predicted that the number of electrons and their kinetic energy can be
further significantly increased by a direct acceleration in the laser field,
but only if the electron-light interaction is interrupted in a properly
tailored way. These considerations were the starting point for the
experiments by Julia Braenzel and her colleagues at the Max Born
Institute.
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Fig. 1b: Detected electrons in the laser propagation direction from a single (F1)
and double foil (F1F2) target configuration, where the soncond foils acts as a
speparator. The plastic foils used were about F1=35nm and F2=85 nm thick. N e
values represent the integrated electron numbers for the whole detection range
(0,2-7,5 MeV) with respect to the spectrometer aperture. Credit:
Forschungsverbund Berlin e.V. (FVB)

In the experiments at MBI, the electrons were decoupled from the light
pulse at a particular moment in time, using a separator foil that is opaque
for the laser light but can transmit fast electrons. We could show that this
method leads to an increase of the number of electrons with high
velocities. At first, a 70 TW Ti:Sapphire laser pulse (2 J @ 35 fs)
irradiates an 30 - 100 nm thin target foil consisting of a PVF-polymer. In
the laser propagation direction, about 109 electrons are accelerated up to
several MeV energy via the ponderomotive force. During this interaction
the foil is almost fully ionized and transformed into plasma.

For sufficiently thin target foil thicknesses below 100nm a fraction of
the incident laser light can be transmitted through the plasma. The
transmitted light starts to overtake the electrons already emitted in this
direction. This corresponds to a quasi-intrinsically synchronized
injection of slow electrons into the transmitted, but still relativistic laser
field (
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