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X-Ray Radiation from Nonlinear Thomson Scattering of an Intense Femtosecond Laser
on Relativistic Electrons in a Helium Plasma
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Center for Ultrafast Optical Science, University of Michigan, 1006 Bonisteel Boulevard, Ann Arbor, Michigan 48109, USA
(Received 24 February 2003; published 5 November 2003)

We have generated x-ray radiation from the nonlinear Thomson scattering of a 30 fs/1.5 J laser
beam on plasma electrons. A collimated x-ray radiation with a broad continuous spectrum peaked at
0.15 keV with a significant tail up to 2 keV has been observed. These characteristics are found to depend
strongly on the laser strength parameter a,. This radiative process is dominant for a, greater than unity
at which point the relativistic scattering of the laser light originates from MeV energy electrons inside

the plasma.

DOI: 10.1103/PhysRevLett.91.195001

The production of intense and ultrafast (10~ 13 s) bursts
of x rays from compact systems would have a dramatic
impact in a number of scientific fields [1-3]. Laser-based
experiments can provide ultrafast x-uv (20 nm) and
monochromatic x-ray pulses (0.5 nm) from processes
such as high harmonic generation from bound electrons
in gases [4] and Ka emission from solids [5,6]. The
advent of high intensity laser systems now opens up the
possibility to produce polychromatic hard x-ray radiation
while keeping the duration on the femtosecond time scale.
It has been proposed to use the nonlinear motion of the
relativistic electrons inside the laser field to produce high
order harmonics of the incoming laser light [7-13]. This
process is variously called nonlinear Thomson scattering
as well as Larmor radiation. Such radiative emission was
observed a few years ago by the detection of the second
and the third harmonic light of a 1.053 wm laser system
[14] and extended to the 30th harmonic recently [15]. We
report in this Letter on the radiation observed in the x-ray
spectral range, which was anticipated at relativistic
quiver energies provided by the ultraintense laser fields.
The results show the existence of several physical mecha-
nisms for the x-ray generation in this parameter regime.

Three main properties characterize the nonlinear
Thomson scattering radiation [7-13]. First, the x-ray
intensity increases linearly with the electron number
oscillating inside the laser field (indicative of an incoher-
ent process). Second, the x-ray spectrum is broad and
peaked. Third, the emission is strongly anisotropic.
Those unique properties can efficiently be used to distin-
guish the nonlinear Thomson scattering radiation from
the other radiative processes during the laser-plasma in-
teraction like the generation of high order harmonics
from bound electrons, the isotropic Bremsstrahlung ra-
diation, or radiative recombination of thermal electrons
from the hot plasma. The spatial and spectral behaviors
are fully governed by the experimental geometry and the
trajectory of the electrons [16]. They are therefore di-
rectly related to the laser strength parameter ag =

195001-1 0031-9007/03/91(19)/195001(4)$20.00
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eE/mywoc = 8.5 X 10710 1 (Iyy je2)'/? (where E is the
amplitude of the laser field, e is the electron charge, m, is
the electron mass, w is the laser frequency and A is the
laser wavelength), the laser polarization, and the plasma
parameters. We have performed test particle simulations
to obtain the electron trajectory and all the characteristics
of the radiation emitted as a function of the laser and
plasma parameters. In this model the electron is submit-
ted to a plane electromagnetic laser wave and to a one
dimensional restoring force from the ions’s background.
The characteristics of the emitted radiation (power, spec-
trum, spatial distribution) are then obtained using the
basic formulas of the radiation emitted by an accelerated
charge [16]. If we consider the simplest case of a free
electron oscillating inside the laser field at relativistic
intensity (ag > 1), the spatial distribution mainly con-
sists of two lobes collimated in the forward direction for
linearly polarized light with a comparatively weak back-
ward contribution. The lobes are centered at an angle 8 =
tan"'(p, /p,) ~2/ay in the plane of the polarization
with a width of ~2/a3. p, and p, are, respectively, the
electron momentum perpendicular and parallel to the
laser propagation axis. As a is increased, the ponder-
omotive drift of the electron trajectory in the forward
direction grows significantly and the spatial distribution
becomes more and more collimated. For ay = 5, the
characteristic angle of emission relative to the laser
propagation axis is close to 23° and the width of the lobes
approaches 10°. For circular polarization, the trajectory
is symmetric with respect to the laser axis and the emis-
sion pattern consists of a cone. The spectral distribution is
broad and peaked at a maximum shifting to the shorter
wavelength as qg is increased. It consists of harmonics
lines with a spectral separation depending on a,. In the
present case of a very short driving laser pulse (<100 f5s),
the oscillation motion of the electron is strongly modu-
lated in the laser pulse envelop. The simulations have
shown that the spectrum becomes continuous instead of
consisting of discrete harmonic lines. A signal peaked at
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100 and 1000 eV is foreseen for a, approaching 5 and 10,
respectively.

The experiment was conducted at the Laboratoire
d’Optique Appliquée where we used a 30 fs and 1.5 J
(50 TW) Ti:Sa laser system. The experimental setup is
shown in Fig. 1. The laser beam, 55 mm in diameter, was
focused with an f/5.45 off-axis parabolic mirror onto the
front edge of a supersonic gas jet (3 mm in diameter) of
helium and argon characterized from interferometric
(Mach-Zender) measurements [17]. Electronic densities
from 10'® to a few 10! cm™* were used in the experi-
ment. The diameter of the focal spot was 6 um at full
width at half maximum (FWHM) in intensity and con-
tained 60% of the laser energy. The maximum incident
laser intensity (/) was 7 X 10'°> W/cm?, which corre-
sponds to a laser strength parameter a, = 5.6 for linear
polarization. The x-ray radiation was collected with
grazing incidence metallic mirrors (nickel or gold) over
a solid angle of 1.5 X 1072 sr, and was focused onto a
back illuminated x-ray charge-coupled device (CCD)
camera. Filters were positioned between the plasma and
the detector to block the laser infrared light. A static and
0.5 T magnetic field was inserted between the plasma
and the x-ray spectrometer to deviate the electrons accel-
erated in the forward direction out of the detector. We
selected spectral bands of the incoming x rays by com-
bining the spectral absorption of the filters of different
materials (Ti, Zr, Al, Be) with thicknesses between
150 nm and 25 pum, and the spectral reflectivity of the
mirrors. Our x-ray spectrometer was sensitive to x rays in
large spectral bandwidths from 20 eV to 2 keV. The
angular dependency of the x-ray emission was obtained
by rotating the entire spectrometer around the laser focal
spot. A second arm of the laser system was used to
optically probe, on each shot, the propagation of the
beam inside the cylindrical gas jet. Electrons accelerated
in the forward direction inside the plasma were charac-
terized using radiochromic film and a set of filters in the

-— Rotation of the detection system
k

Off axis parabola Filter : Al, Zr, Ti, Be

X-ray CCD
camera

f=30cm
Permanent
magnets

A

Supersonic He
gas jet (3 mm nozzle)

Grazing incidence

Laser 1.5J/30 fs mirror

FIG. 1 (color online). Experimental setup. The maximum
strength parameter attainable on target is ag = 5.6.
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100 keV and 100 MeV ranges as well as a magnetic
spectrometer positioned in the forward direction [17] in
the 10 MeV range.

The behavior of the x-ray intensity as a function of the
electron density (n,) of the plasma as well as the observed
x-ray spectral and spatial distributions are presented in
Fig. 2 for a laser intensity corresponding to a, = 5.6. The
spatial distribution and the dependency on the electron
density are shown for a spectral bandwidth centered on
350 €V, but similar results are observed at all the x-ray
wavelengths. The observed x-ray signal is found to in-
crease linearly with the electron density, to be broad and
peaked in the bandwidth centered at 150 eV, anisotropic
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FIG. 2 (color online). (a) Energy spectrum of the observed
x-ray emission. The horizontal bars correspond to each spectral
bandwidth of the x-ray spectrometer. The vertical error bars
correspond to the statistical uncertainty accumulated over five
shots. The electron density is 5 X 10'° cm™ and the angle of
observation is § = 0°. (b) X-ray intensity as a function of the
electron density of the plasma. (c) Angular distribution. The
laser beam is focused on the front edge of the gas jet. Solid
curves: free electron model depicted in the text.
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and fairly collimated in the forward direction. Such fea-
tures are consistent with the expected three unique prop-
erties of the nonlinear Thomson scattering radiation
mentioned previously. However, the simplest model of a
free electron initially at rest appears to be insufficient.
First, the significant tail up to 2 keV of the spectral
distribution obtained on-axis is not expected. The simu-
lations predict a cutoff close to 0.5 keV at the laser
intensities achievable with our experimental setup as
shown in Fig. 2(a). This signal was very sensitive to the
laser propagation and to the position of the focal spot
relative to the front edge of the gas jet. Furthermore,
electron densities greater than 10" cm™3 are required
to observe this higher part of the spectrum. In our ex-
periment, the laser power exceeded the critical power
(P, = 17n,/n,) for relativistic self-focusing of the laser
beam inside the plasma by more than 1 order of magni-
tude. Time-resolved shadowgraphy and side Thomson
scattering images of the plasma confirmed the presence
of self-guiding. In this regime, the size of the beam is
expected to become much smaller than the diameter of
the focal spot [18]. The following increase of the parame-
ter ag (>10) may explain the origin of the observed
radiation in the 2 keV spectral range.

Second, the angular distribution of the x-ray intensity
displayed in Fig. 2(c) for the largest angles clearly shows
a residual signal that no longer depends on the angle of
observation (the distribution becomes flat from 35° to
55°) indicating that another mechanism becomes respon-
sible for the x-ray emission. To identify this process, the
x-ray intensity observed at such large angles of observa-
tion has been studied as a function of the electron density
and at the same laser intensity as in the experiments
presented in Fig. 2(c) (ay = 5.6). The results displayed
in Fig. 3 show that a quadratic dependency is found for
6 = 40° where the spatial distribution is isotropic, indi-
cating that a collisional radiative process (Brems-
strahlung and radiative recombination) from the thermal
plasma becomes important. This thermal emission re-
mains less intense than the collimated nonlinear Thom-
son scattering emission (Fig. 3). It becomes detectable
only at a large angle of observation (>40°) and for ay < 1
(inset of Fig. 3). As expected from the theory, when
ag < 1, the nonlinear Thomson scattering vanishes and
the collisional radiative processes prevail. Additional
analyses were done to further demonstrate that other
radiative processes are not at the origin of the collimated
x-ray radiation observed on-axis at high peak laser in-
tensities (ay = 5.6). Tests were done in argon at the same
electron density as in helium. No change in the x-ray flux
was obtained, whereas a collisional-type emission would
have scaled as the square of the atomic number. Further-
more, spatial and time-dependent simulations that take
into account these processes show that the emission is still
growing with n2. They cannot explain the linear depen-
dency observed on axis. Other processes may participate.
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FIG. 3 (color online). X-ray intensity as a function of the
electron density of the plasma for @y, = 5.6 and at an angle of
observation § = 0° and 40°. The spectral bandwidth is cen-
tered at 40 eV, the less energetic part of the spectrum. The laser
beam is focused on the front edge of the gas jet. The inset shows
the x-ray intensity as a function of the electron density of the
plasma at an angle of observation § = 0° and for ay < 1.

Relativistic bremsstrahlung is found to be orders of mag-
nitude smaller than the observed x-ray flux [11]. High
harmonics from bound electrons could be produced in the
wings of the laser pulse where ay, < 1. Experiments done
in circular polarization show a significant increase of the
x ray the signal compared to linearly polarized light for
all the angles of observations which safely rules out the
possibility that this emission from a bound electron oc-
curs [4] in our experimental conditions. Atomic lines
from the high temperature plasma generated in the inter-
action region is isotropic and could also contribute to the
uncollimated x-ray emission. However, it must be taken
into account only for sufficiently high Z elements. In the
case of helium, the electron binding energy is limited to
25 eV which is less energetic than the observed radiation
spectrum.

Third, the last difference between the observed non-
linear Thomson scattering signal and what was expected
from the simple free electron model concerns the spatial
distribution. It is found to be much broader than the
theoretical width (10°) and to be centered close to the
laser axis (# = 0°) instead of 23°. Similar results were
obtained at all the x-ray spectral bandwidths. The char-
acteristic angle of emission is determined by the electron
momenta p | and p,. Those two momenta can be signifi-
cantly altered if the electrons experience additional ac-
celeration. Electrons accelerated in the forward direction
have been clearly measured with radiochromic films and
copper filters. Although the set of filters did not allow the
characterization of the distribution function, the mea-
surements indicate a strong population of electrons with
energy between a few hundred keV and a few MeV. This
population of electrons, which was also seen using a
particle in cell simulation, can come from either the
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FIG. 4 (color online). Spatial distribution of the observed
x-ray emission for ay = 5.6. The solid line (dotted line) is
the numerical result obtained for a Gaussian electron distribu-
tion with a temperature of 0.9 MeV and without (with) 5° k
spread. The inset shows the effect of the initial energy of
monoenergetic electrons on the spatial distribution of the non-
linear Thomson scattering.

wakefield acceleration or a phase mismatch of the elec-
trons inside the laser field due to collisions in the plasma.
The consequence is equivalent to a longitudinal energy
which comes in addition to the energy acquired in the
electromagnetic field and the ratio p,/p | can be strongly
increased. Numerical simulations were done to estimate
this effect on the spatial distribution (inset of Fig. 4) [19].
We have found that monoenergetic electrons at 0.7 MeV
produce an emission centered on # = 10° instead of 23°
for free electrons. Electrons at 1.6 MeV further collimate
the radiation to 4°. An electron distribution function, as
seen in this experiment, can clearly broaden the x-ray
signal and center it towards the axis. The best fit of the
experimental data is shown in Fig. 4 by also taking into
account the contribution of a 5° k spread which can
come from either the divergence of the electron beam or
the spread of the k vector of the laser. An electron dis-
tribution function exp(—E/E,) characterized by an elec-
tronic temperature of 0.9 MeV = 0.3 MeV is obtained,
which is found to be in the range of energies detected
experimentally.

In conclusion, we have demonstrated that the observed
x-ray signal follows the unique features of the nonlinear
Thomson scattering radiation: angular distribution, spec-
tral distribution, as well as the scaling with the electron
density. The simple picture of the free electron oscillating
inside the laser field is not sufficient to describe the
electron-photon interaction. Additional effects such as
plasma-accelerated electrons must be taken into account

195001-4

and result in a shift and a broadening of the characteristic
angle of emission. We have estimated the number of x-ray
photons, integrated over the angular distribution and the
spectrum, to be 5 X 10'° per shot which is in close agree-
ment with the prediction from the nonlinear Thomson
scattering theory (10'"). The duration of the x-ray pulse is
mainly controlled by that of the laser. However, the speed
of the laser propagating inside the plasma is slightly
below the speed of light and a temporal mismatch be-
tween the x rays (traveling at the speed of light) could
occur. This mismatch is estimated to be about 10 fs when
the larger size of the plasma is being used (3 mm). The
temporal stretching of the x-ray pulse duration is not
significant compared to the duration of the laser and a
30 fs polychromatic x-ray burst is likely to have been
produced. The measurement of the x-ray pulse duration
would be an additional confirmation that the x-ray emis-
sion is produced by nonlinear Thomson scattering.
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