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RESUME

Dans le présent rapport nous étudions les concepts fondamentaux dune expérience d'accélération
Wakefield par laser utilisant une impulsion laser ultracourte. Nous obtenons en particulier des estimations
heuristiques des paramètres expérimentaux relatifs aux essais du concept d'accélération Wakefield par
laser.
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ABSTRACT

In this report we discuss the basic concepts of a laser wakefield acceleration experiment using an
ultrashort laser pulse. In particular, we obtain some heuristic estimates of experimental parameters
relevant to an experiment to test the laser wakefield acceleration concept.
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I. INTRODUCTION

Recently there has been a great deal of interest hi novel methods of accelerating particles, which involve
lasers and plasma One of the most important cb.aracte.ri sties of such techniques is the significantly higher
accelerating field gradients that have been predicted by theory and particle simulations.1 There are at least
three concepts for plasma-based collective accelerators, all of which involve plasma waves with phase
velocities almost equal to the velocity of light, and plasma wave amplitudes, which are a significant
fraction (> 10%) of the cold-plasma wavebreaking limit. In the laser plasma heatwave accelerator
concept,2 the plasma waves are generated by the non-linear coupling of two intense laser beams of slightly
different frequencies (w^kj and cc^kj) propagating through a low-density plasma.3 If the difference
frequency of the lasers is chosen to match the plasma frequency (corcù2=cûp), the ponderomotive force of
the beatwave can resonantly build up the relativistic plasma wave. Theoretically, accelerating gradients
of order £ /ne volt/cm are possible, where ne is the plasma density in cm"3 and e is the density fluctuation
5n/ne. In the plasma wakefield accelerator concept, the plasma waves are excited by a short, Intense
electron bunch propagating through a high-density plasma.4 The space charge force of the electron bunch
displaces the plasma electrons and generates a wake of plasma oscillations with a phase velocity that is
equal to the driving electron bunch velocity, which is very close to the velocity of light. An alternative
to using an electron bunch is to inject an extremely short but intense laser pulse into a low-density plasma,
as in the laser wakefield accelerator concept5.. The ponderomotive force of the laser pulse envelope
initially expels the plasma electrons both radially and axially, resulting in plasma oscillations as the
returning electrons overshoot their initial positions. The acceleration of particles in the three concepts is
identical. A trailing relativistic electron bunch injected into the potential well of the plasma wave at the
appropriate phase remains synchronized to the wave and is accelerated for a significant period of time.

In this report we discuss the basic concepts of a laser wakefield acceleration experiment using an
ultrashort laser pulse. In particular, we obtain some heuristic estimates of experimental parameters
relevant to an experiment to test the laser wakefield acceleration concept.

II. THEORETICAL BACKGROUND

In the wakefield accelerator concept, a short pulse of laser light excites a wake of plasma oscillations
behind it. This occurs because the ponderomotive force of the laser pulse envelope initially expels the
plasma electrons both radially and axially, resulting in plasma oscillations as the returning electrons
overshoot their initial positions. A following bunch of electrons can then accelerate by surfing on the
wake. The phase velocity (v^,) of the plasma wake is related to the group velocity (vg) of the laser pulse
generating the wake. This is analogous to the wake created by a boat moving in the water. The group
velocity of the laser pulse can be estimated from the non-linear dispersion relation for large amplitude
electromagnetic waves in a plasma,6
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1/2 is the plasma frequency, ne is the plasma electron density and YOSC
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relativistic mass increase of the plasma electrons oscillating in a light wave of amplitude E0 and frequency
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The group velocity v, = dco/dk is obtained by differentiating Eq. (1),
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In the optimum case, the laser pulse length should be half a plasma wavelength long. This gives

t = —— . (4)

The optimum plasma density from Eq (4) is given by
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The plasma wave amplitude is given by6
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The energy gain is then calculated from

where L is the effective acceleration length and is the smaller of the laser diffraction length, the particle
dephasing length and the laser pump depletion length.

The distance over which a particle moving at approximately the speed of light c, outruns the accelerating
bucket (the dephasing length, Ldeph) is given by,
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From simple, energy-balance arguments, the energy in the laser pulse is depleted in a length Ld<?1 of order,

Finally, the laser diffraction length is given by

L<BJf

where ZR is the Rayleigh range given by

where R0 is the radius of the laser focal spot (15 jam) and A,0 is the laser wavelength (1.06 jim).

III. NUMERICAL EXAMPLES

Typical parameters for a modest, present-day, short-pulse laser are summarised in Table (I). With a pulse
energy of 500 mJ in a 100 fs pulsewidth, focussed to a spot of 30 nm, this produces a focal intensity of
approximately 1018 W/cm2 and a YOSC~ 1.3. Typical parameters for a laser wakefield experiment calculated
from Eqs. (1) through (11) are summarised in Table II. The optimum plasma electron density is
approximately 2x10" cm*3 for a laser pulsewidth of 100 fs. The maximum accelerating gradient for this
case is approximately 30 GeV/m. The acceleration length for this case is 0.2 cm, which would result in
a maximum energy gain of approximately 60 MeV.

IV. EXPERIMENTS

The initial experiments would focus on generating a suitable plasma by multiphoton ionization, and
generating a large amplitude plasma wave. Existence of the plasma wave might be detected by Raman
or Thomson scattering. An estimate of the plasma electron density could be obtained from the scattered
light spectrum in Raman or Thomson scattering. The next step would be to look for electron acceleration
by self-trapping of background electrons.7 The third step would be to accelerate externally injected
electrons from a suitable low-energy electron accelerator.8
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TABLE I. LASER PARAMETERS

Energy

Wavelength

Pulsewidth

Spot Size

Focal Intensity

lose

500 ml

1.06 |im

100 fs

30 urn (f/15)

1018 W/cm2

1.3

TABLE II. LASER WAKEFIELD PARAMETERS

Plasma Density

Accelerating Field

Acceleration Length:

dephasing

pump depletion

focal depth

Maximum Energy Gain

2 x 10 17 cm'3

30 GeV/m

56 cm

15 cm

0.2cm

60MeV
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