
IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 1997 1877

Nonlinear Optics with Relativistic Electrons

FOR THE last thirty years, scientists have studied nonlinear
optics of electrons that are bound to atoms and molecules,

many of the important advances having been published in
the pages of this journal. Nonlinear effects arise in this case
due to anharmonic oscillatory motion of electrons in the
combined fields of atom and laser. The study of nonlinear
optics was enabled by the invention of-switched lasers,
which resulted in an orders-of-magnitude increase in the peak
power of lasers. The rate of advancement in our understanding
of nonlinear optics has been quite staggering. For instance,
harmonic generation (e.g., frequency doubling) went from
being barely detectable to almost unity efficiency in just a few
short years. Now the field is quite mature, having spawned
numerous subfields and commercial products.

In the last decade, table-top lasers have undergone a similar
orders-of-magnitude jump in peak power, with the invention
of the technique of chirped pulse amplification. They now
have multiterawatt peak power and, when focused, produce
electromagnetic intensities exceeding 10W/cm , which is
high enough to cause nonlinearity in even unbound (ionized)
electrons. Thus, a new field of nonlinear optics, that of
relativistic electrons, has been launched. In this case, the
nonlinearity arises because the electrons oscillate in these
enourmous laser fields at relativistic velocities, resulting in
relativistic mass changes exceeding the electron rest mass and
highly nonlinear motion. As can be seen from the following
reviews, effects analogous to those studied with conven-
tional nonlinear optics—self-focusing, self-modulation, har-
monic generation, and so on—are all found, but based on this
entirely different physical mechanism. It is also obvious that
rapid advancement is underway and that new subfields and
commerical products are on the horizon, i.e., compact and
ultrashort pulse duration laser-based electron accelerators and
X-ray sources.
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High field interactions can be studied with either single
electrons, beams, gases, solids, or plasmas. Each is reviewed
in this special issue. The exhaustive review by Esareyet al.
discusses analytical methods to solve for the propagation of in-
tense lasers through gases undergoing ionization and gaseous-
density plasmas, with particular emphasis on self-focusing.
The results of recent experiments in which self-guiding is
observed over many Rayleigh lengths, and which may soon
permit laser-based accelerators to reach GeV energies, are also
presented. Gibbon reviews harmonic generation from single
electrons, gases, plasmas, and solid surfaces. This mechanism
promises to become the basis for a new generation of coherent
radiation sources, with femtosecond durations and sub-10-nm
wavelengths. Leemanset al. discuss scattering of ultrashort-
pulse duration lasers with relativistic electron beams. Proof-
of-principle experiments demonstrate the generation of co-
herent radiation, again with femtosecond duration, but in
this case with angstrom-scale wavelength. Meyerhofer also
discusses theory and recent experiments on the the scattering
of laser light with electrons at rest and in relativistic beams,
but in this case in the nonlinear regime, where multiphoton
Compton scattering and harmonic generation occur. Mori
reviews the nonlinear optics of plasmas at near-relativistic
intensities, presenting a single simple analysis that gives
physical insight into several diverse nonlinear phenomena,
including Raman forward scattering, self-modulation, and self-
focusing.

We hope this collection of reviews will summarize the
dramatic advances made in this rapidly developing field and
set the stage for further exciting achievements.
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