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Classical Thomson scattering1Ðthe scattering of low-intensity
light by electronsÐis a linear process, in that it does not change
the frequency of the radiation; moreover, the magnetic-®eld
component of light is not involved. But if the light intensity is
extremely high (,1018 W cm-2), the electrons oscillate during the
scattering process with velocities approaching the speed of light.
In this relativistic regime, the effect of the magnetic and electric
®elds on the electron motion should become comparable, and the
effective electron mass will increase. Consequently, electrons in
such high ®elds are predicted to quiver nonlinearly, moving in

®gure-of-eight patterns rather than in straight lines. Scattered
photons should therefore be radiated at harmonics of the fre-
quency of the incident light2±8, with each harmonic having its own
unique angular distribution4±6. Ultrahigh-peak-power lasers9

offer a means of creating the huge photon densities required to
study relativistic, or `nonlinear' (ref. 6), Thomson scattering. Here
we use such an approach to obtain direct experimental con®rma-
tion of the theoretical predictions of relativistic Thomson scatter-
ing. In the future, it may be possible to achieve coherent10,11

generation of the harmonics, a process that could be potentially
utilized for `table-top' X-ray sources.

We used a laser system that produces 400-fs-duration laser pulses
at 1.053-mm wavelength with a maximum peak power of
4 3 1012 W (4 TW). The laser beam, 50 mm in diameter, was
focused with an f/3.3 parabolic mirror onto the front edge of a
supersonic helium gas jet. The focal spot consisted of a gaussian spot
with full-width at half-maximum (FWHM) of 7 mm (containing
60% of the total energy) and a large (.100 mm) dim spot. The
helium gas was fully ionized by the foot of the laser pulse. A half-
wave plate was used to rotate the axis of linear polarization of the
laser beam in order to vary the azimuthal angle (f) of observation.
We de®ne v � 08 as along the direction opposite to that of the laser
propagation, and f � 08 as along the axis of linear polarization. In a
linearly polarized laser ®eld, electrons move in a ®gure-eight
trajectory lying in the plane de®ned by the axis of linear polarization
and the direction of beam propagation.
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Figure 1 Dependence of the second-harmonic light on laser intensity and plasma

density. Shown is the intensity of the second-harmonic light at v � 908, f � 508; a,

as a function of laser pulse energy at 6:2 3 1019 cm2 3 electron density, and b, as a

function of plasma electron density (Ne) at 0.8-J laser pulse energy. (For 1-J laser

pulse energy, the laser intensity is 4:4 3 1018 W cm2 2 and a0 (see text) is 1.88.)

Each data point represents the result of a single laser shot. The theoretical

predictions for zero drift velocity are plotted as solid lines, for comparison. The

only ®tting parameter is a constant for normalization in all ®gures. The laser pulse

energy refers to the energy in the main focal spot. The inset shows the coordinate

system used.
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Although the observation of harmonics in laser±plasma (or
laser±electron-beam) interactions has been made by several
groups12±16, that alone is insuf®cient to identify unambiguously
nonlinear Thomson scattering and its underlying dynamics. Several
other mechanisms might generate continuum or harmonics under
our experimental conditions, and, therefore, need to be isolated and
discriminated from the signal generated by nonlinear Thomson
scattering: (1) continuum generated from self-phase-modulation of
the laser beam in the gas, (2) harmonics generated from atomic
nonlinear susceptibility of the gas or, especially, from the ionization
process17, (3) continuum generated either from (relativistic) self-
phase-modulation of laser pulses in the plasma, or from electron±
electron bremsstrahlung and electron±ion bremsstrahlung, and (4)
harmonics generated from the interaction of laser pulses with a
transverse electron-density gradient14.

The main focal spot of the laser pulse undergoes relativistic-
ponderomotive self-channelling when high laser power and high gas
density are used18. (The ponderomotive force is generated by the
gradient of the optical pressure of the laser beam). Side-imaging
(v � 908) of the ®rst-harmonic light (at the laser frequency) from
nonlinear Thomson scattering shows that the laser channel has a
diameter of ,10 mm FWHM. However, interferograms18 show that
the diameter of the plasma column is about 100±200 mm, which is
created by the wings with intensities .1015 W cm-2 (the ioniza-
tion threshold). Therefore, the light generated from laser±gas
interactions should be observed to originate from the entire
region of plasma, rather than from the narrow laser channel. Results
of side-imaging (v � 908 and arbitrary f) of the second and third
harmonics using a matching interference ®lter (10-nm bandwidth)
show that the signal is emitted only from the narrower laser channel.

In addition, the images of the harmonics have spatial distributions
similar to the images of the ®rst-harmonic light, and their pro®les
vary in the same way as the laser power and gas density are changed.
This rules out the possibility that the harmonic signal observed in
the side images is a result of laser±gas interaction (mechanisms (1)
and (2) above).

According to theory4±6, the harmonic signal generated from
nonlinear Thomson scattering should have two important features.
First, it is linearly proportional to the electron density because it is
an incoherent single-electron process (the harmonics generated
from a collection of electrons interfere with each other destructively,
leaving only an incoherent signal, which is equal to the single-
electron results multiplied by the total number of electrons which
radiate). Second, it increases roughly as I n, where n is the harmonic
number, and gradually saturates when a0 is of the order of unity6.
Here a0 � eE=m0q0c � 8:5 3 10 2 10 l I1=2 is the normalized vector
potential, where E is the amplitude of laser electric ®eld, I � cE2=8p
(in W cm-2) is the laser intensity, l is the laser wavelength (in mm), e
is the electron charge, m0 is the electron mass, q0 is the laser
frequency, and c is the speed of light. These are characteristically
different from the behaviour of any other mechanisms. For instance,
bremsstrahlung radiation should be proportional to the square of
gas density (NeNe or NeNi) where Ne is the electron density and Ni is
the ion density. In the experiment reported here, the intensity of the
harmonic signal was determined from the peak intensity or the
average intensity of the images of harmonics, when it was plotted as
a function of the observing angle, gas density and laser power. Both
showed the same variations. Figure 1 shows the variation of the
second-harmonic signal as a function of laser power and plasma
(electron) density. The experimental results show a reasonable
match to the theoretical predictions. The ®rst and third harmonics
show the same match with the theory.

Although the above two observations are consistent with non-
linear Thomson scattering as the source of the harmonic signal,
observations of the unique angular patterns are necessary to prove
that the detailed dynamics of nonlinear Thomson scattering are
indeed the same as the theoretical prediction. Figure 2a shows the f-
dependence of the second-harmonic signal at v � 908. The experi-
mental results match qualitatively the theoretical prediction, both
having a quadrupole-type radiation pattern which is characteristi-
cally different from the dipole pattern for other mechanisms (1)±
(4), and linear Thomson scattering. Other measurements, such as
the f-dependence of the second-harmonic light at v � 518 (an
`anti-dipole' pattern; Fig. 2b), and the f-dependence of the third-
harmonic light at v � 908 (a `butter¯y' pattern; Fig. 3), were also
made, all showing reasonable matches between the experimental
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Figure 2 Angular pattern of the second-harmonic light. Shown are polar plots of

the intensity of the second-harmonic light as a function of azimuthal angle (f, in

degrees) for 0.8-J pulse energy and 6:2 3 1019 cm2 3 electron density at v � 908 (a)

and v � 518 (b). The intensity is in arbitrary units. Filled circles, experimental data;

solid and dashed lines, theoretical results for zero and nonzero drift velocity

(v � 0:2c) in the laser propagation direction, respectively. Open circles and

triangles, experimental data for the ®rst-harmonic signal taken at two different

runs under the same conditions; dotted line, the theoretical result. Its dipole

radiation pattern (peaked at f � 908) con®rms that there is no depolarization

effect in the plasma and that the collective effect of plasmas on the angular

pattern is not signi®cant (at least outside a narrow cone along the axis of laser

propagation). Although the data for f � 1808 to 3608 are not plotted, they should

be a mirror image of the data for f � 08 to 1808 because of the intrinsic symmetry

of the laser ®eld, as predicted theoretically. Such symmetry has been veri®ed in

the experiment.
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Figure 3 Angular pattern of the third-harmonic light. Shown is a polar plot of the

intensity of the third-harmonic light as a function of azimuthal angle (f, in degrees)

at v � 908 for 0.8-J pulse energyand 6:2 3 1019 cm2 3 electron density. The intensity

is in arbitrary units. Filled circles, experimental data; solid line, the theoretical

result for zero drift velocity. The angular patterns of harmonics should not be

sensitive to variation of laser intensity, as expected from theory and checked in

the experiment. This is crucial to the success of our measurements because it

alleviates the error caused by ¯uctuations of laser intensity.
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data and the theoretical predictions. Such angular radiation pat-
terns directly prove the electrons do indeed oscillate with a ®gure-
of-eight trajectory in an intense (relativistic) laser ®eld. The angular
pattern of the ®rst-harmonic light (linear component) of nonlinear
Thomson scattering is also included in Fig. 2b for comparison.

The spectra of the second and the third harmonics each contain a
peak at roughly the harmonic wavelength and a red-shifted broader
peak, as shown in Fig. 4. The red-shifted broader peaks are believed
to be part of the harmonic spectra generated by nonlinear Thomson
scattering, because they vary in amplitude proportionally with the
corresponding unshifted harmonic signals when the gas density and
laser power are changed. It was expected that the spectra of the
harmonics should be broadened tremendously for electrons in a
high-¯uid-velocity plasma wave5. A fast-phase-velocity electron
plasma wave (with a maximum ¯uid velocity of ,0.2c) excited by
stimulated Raman forward scattering19 was observed in this experi-
ment at the highest laser power and gas density. But the spectral
distribution of the harmonics was not observed to change signi®-
cantly with variation of gas density and laser power, whereas the
plasma wave amplitude did change with these variations. This
indicates that such spectral structure has nothing to do with the
collective drift motion of electrons in the plasma waves.

Although the angular radiation patterns of the harmonics could
also be affected by such a 0.2c ¯uid-velocity oscillation, the changes
are not signi®cant enough (compare the solid and dashed lines in
Fig. 2a) to be identi®ed from the experimental data6. In other words,
all measurements done in this experiment match qualitatively with
the prediction of incoherent nonlinear Thomson scattering of
electrons without drift motion; the results appear not to be affected
by the existence of plasma waves, probably due to destructive
coherent interference. The absolute scattering ef®ciency was mea-
sured to be 8 3 10 2 4 and 1 3 10 2 4 photons per electron per pulse
for the second and third harmonics (including both the unshifted
and red-shifted spectral components), respectively; these ef®cien-
cies were measured at v � 908 and f � 508, for an angle of
collection of 7 3 10 2 3 sr. These numbers match reasonably well
with the theoretical predictions for incoherent nonlinear Thomson
scattering, which are respectively 8 3 10 2 4 and 5 3 10 2 4 photons
per electron per pulse. M
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Figure 4 Spectra of harmonics. Shown are spectra of the second (a) and third (b)

harmonics at v � 908, f � 508 for 0.8-J pulse energy and 6:2 3 1019 cm2 3 electron

density. Vertical lines indicate the wavelengths of the unshifted second and third

harmonics. The intensities are plotted in arbitrary units. The spectra do not

change with variation of f at any speci®c v, so the angular distributions measured

are not affected by the choice of ®lter bandwidth.
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Charge-ordering is an important phenomenon in conducting
metal oxides: it leads to metal±insulator transitions1 in manganite
perovskites (which show `colossal' magnetoresistances), and the
Verwey2 transition in magnetite (in which the material becomes
insulating at low temperatures when the conduction electrons
freeze into a regular array). Charge-ordered `stripes' are found in
some manganites3,4 and copper oxide superconductors5; in the
latter case, dynamic ¯uctuations of the stripes have been
proposed6 as a mechanism of high-temperature superconductiv-
ity. But an important unresolved issue is whether the charge-
ordering in oxides is driven by electrostatic repulsions between
the charges (Wigner crystallization7), or by the strains arising
from electron±lattice interactions (such as Jahn±Teller distor-
tions) involving different localized electronic states. Here we
report measurements on iron oxoborate, Fe2OBO3, that support
the electrostatic repulsion charge-ordering mechanism: the
system adopts a charge-ordered state below 317 K, in which Fe2+


