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Abstract. It has recently been shown that by simply focusing a high-intensity
laser into a gas jet, a well-defined and low-divergence beam of relativistic elec-
trons is produced, which is accelerated by a laser wakefield. Above a certain
power threshold, the laser is observed to be relativistically self-guided, creating
its own light pipe. This effectively increases the laser propagation distance (be-
yond the fundamental diffraction limit), decreases the electron beam divergence,
and increases the electron energy.

INTRODUCTION

Due to recent advances in laser technology (1], it is now possible to
generate—in the interactions of high-intensity and ultrashort-duration laser
pulses with matter—the highest electromagnetic and electrostatic fields ever
produced in the laboratory [2]. This has come to be known as high-field sci-
ence. In terms of basic research, these interactions permit for the first time
the study of optics in relativistic plasmas. Technological applications include
advanced fusion energy, x-ray lasers, and table-top ultrahigh-gradient electron
accelerators. We discuss several aspects that are especially pertinent to the
latter.

When an intense laser enters a region of gaseous-density atoms, the atomic
electrons feel the enormous laser electromagnetic field, and begin to oscillate
at the laser frequency (2mc/A = ck) . The oscillations can become so large
that the electrons become stripped from the atoms, or ionized. At high laser
intensity (), the free electrons begin to move at close to the speed of light
(¢), and thus their mass m, changes significantly compared to their rest mass.

1) This work is sponsored by Department of Energy/Lawrence Livermore National Labo-
ratory subcontract B307953 and the National Science Foundation Science and Technology
Center contract PHY 8920108.
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This large electron oscillation energy corresponds to gigabar laser pressure,
displacing the electrons from regions of high laser intensity. Due to their
much greater inertia, the ions remain stationary, providing an electrostatic
restoring force. These effects cause the plasma electrons to oscillate at the
plasma frequency (w,) after the laser pulse passes by them, creating alternat-
ing regions of net positive and negative charge, where w, = \/4re?n./yme, n.
is the electron density, e is the electron charge and v is the relativistic fac-
tor associated with the electron motion transverse to the laser propagation.
v depends on the normalized vector potential, a,, by ¥ = (/1 + &%, where
ao = Yos/c = eE [mowe = 8.5 x 107\ [um]I*/?[W /cm?). The resulting elec-
trostatic wakefield plasma wave propagates at a phase velocity nearly equal to
the speed of light and thus can continuously accelerate hot electrons [3]. Up to
now, most experiments have been done in the self-modulated laser wakefield
regime [4-6], where the laser pulse duration is much longer than the plasma
period, 7 >> 7, = 27 /w,. In this regime, the forward Raman scattering insta-
bility can grow; where an electromagnetic wave (w,, ko) decays into a plasma
wave (w,, kp) and electromagnetic side-bands (w, + wp, ko £ kp).

RECENT RESULTS

A small number of relativistic hot electrons were observed in inertial-
confinement-fusion experiments with long-pulse duration large-building size
lasers and solid-density targets. However, it was shown only recently that
electrons can be accelerated by a plasma wave driven by intense ultrashort-
duration table-top laser pulses (I ~ 4 x 10'® W/cm?, A =1 pm, 7 ~ 0.5 ps)
and gaseous-density targets [7,8]. Under similar conditions, electrons were
even observed to have an energies up to 44 MeV, with an energy spread of
100% [9]. It was then shown that the accelerated electron beam appeared to
be naturally-collimated with a low-divergence angle (less than ten degrees),
and had over 1-nC of charge per bunch [10]. Moreover, as shown in Fig. 1,
acceleration occured in this experiment [10] only when the laser power ex-
ceeded a certain critical value, P,, the threshold for relativistic self-focusing.
Since then, two independent research groups have simultaneously reported di-
rect measurements of the plasma wave amplitude with a Thomson-scattering
probe pulse [11,12]. The field gradient was reported [12] to exceed that of
a radio-frequency (RF) linac by four orders of magnitude (E > 200 GV/m).
This acceleration gradient corresponds to an energy gain of 1 MeV in a dis-
tance of only 10 microns. The plasma wave was observed to exist for a duration
of 1.5 ps or 100 plasma oscillations [12]. It was calculated that it damps only
because all of the wave energy was converted to the accelerated electrons.
Except for the large energy spread and low average power, these parameters
compare favorably with medical linacs. In fact, the much smaller source size
of a laser wakefield accelerator compared with that of a conventional linac, 10
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FIGURE 1. The number of relativistic electrons accelerated as a function of incident laser

power focused in a gas of helium at atmospheric density.

microns compared with greater than 100 microns, may permit much greater
spatial resolution for medical imaging.

This enormous field gradient would be of limited use if the length over
which it could be used to accelerate electrons were just the natural diffraction
length of the highly focused laser beam, which is much less than a millimeter.
Fortunately, it was recently demonstrated that electrons can be accelerated
beyond this distance [13]. At high laser power, the index of refraction in a
plasma varies with the radius. This is both because the laser intensity varies
with radius and the plasma frequency depends on the relativistic mass factor
4. Above the above-mentioned critical laser power P., the plasma should act
like a positive lens and focus the laser beam, a process called relativistic self-
focusing. This is similar to propagating a low power beam over an optical
fiber optic cable, except in this case the intense laser makes its own fiber
optic. The relativistically self-guided channel was found to increase the laser
propagation distance by a factor of four (limited thus far only by the length
of gas), decrease the electron beam divergence by a factor of two (as shown in
Fig. 2), and increase the electron energy.

FUTURE DIRECTIONS

In the above experiments, the plasma itself acted as the cathode (the source
of the electrons). Since the electrons were picked up by the wave and ac-
celerated with random phases, their energy spread was large. This may be
acceptable for medical radiological sources, where broadband bremstrahlung
x-ray radiation is created anyway, by focusing the electron beam onto a metal
target. However, in order to create monoenergetic femtosecond duration elec-
tron bunches, a new concept for laser injection of electrons was developed (as
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FIGURE 2. Electron beam divergence as a function of laser power. The various curves
represent laser powers of P/P. = () 3.4, (b) 5.0, (¢) 6.0, and (d) 7.5. The two insert figures
show the complete beam images for curves (a) and (c¢).
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FIGURE 3. Schematic of the crossed-laser-plasma wave accelerator concept.

shown in Fig. 3), again using the plasma itself as the cathode but with laser
triggering [14]. Either transverse (as shown) or collinear laser beams can be
used. This is similar to giving several surfers identical pushes so that they
all catch the same ocean wave in phase with one another. It was shown by
use of a numerical code that with this method and by operating in the reso-
nant wakefield regime (7 ~ 7,), it should be possible to produce femtosecond
electron bunches with energy spread at the percent level.

As an injector stage for linear electron colliders for nuclear and high-
energy physics, this pulse length reduction may have several interesting con-
sequences. In the case of an electron-electron linear collider, it would have
a higher limit on attainable luminosity by permitting a shorter 8 (in effect,
the Rayleigh parameter of the magnetic optics) at the final focus/intersection
point and it would also reduce beam-beam effects by reducing the time during
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which the beams overlap. There would also be a reduction in beam-beam
Bremsstrahlung (“beamstrahlung”) due to quantum mechanical effects. Such
ultrashort-duration electron bunches may also become the basis for a new
generation of table-top radiation sources. They may increase both the co-
herence and gain of synchrotrons, free-electron lasers, or Compton-scattering
sources. Additionally, the ultrashort light-pulses that they may provide might
be used to as “strobes” to probe temporal dynamics on the natural timescale
of important ultrafast chemical, biological and physical processes.

Another factor limiting the applicability of these laser accelerators, low
average power, will be overcome as laser technology improves. With diode-
pumping reaching maturity, it is expected that within the next couple of
years the required laser peak intensities will be reached with 100 watt laser
systems. This will be an improvement by a factor of 10° over the average
power of the systems used in these proof-of-principle experiments, and close
that of conventional RF technology.
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