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4LIXAM, UMR 8624, Université Paris Sud, Bâtiment 350, 91405 Orsay Cedex, France

The development of high power, infra-red (IR) femtosecond lasers has uncovered a rich vein of
non-perturbative phenomena in the bound-free and free-free transitions of atoms interacting with
coherent light. It is atstrong-fieldintensities at and above 1014W/cm2 that such behavior pro-
duces above threshold ionization (ATI), high-harmonic generation (HHG), and attosecond pulse
generation [1, 2, 3]. The combination of extreme ultraviolet (XUV) and IR photons represents a
particularly powerful method for the study of continuum transitions since the bound-free step can
be made insensitive to atomic resonances by appropriate photon energy tuning or selection. We
have studied the response of atomic neon exposed simultaneously to intense monochromatic XUV
radiation from the free electron laser in Hamburg (FLASH) and a synchronized IR laser. Already
at modest intensities the main photoelectron line is strikingly modulated by the IR dressing field,
producing strong sideband features in the electron energy spectrum. As a precursor to more elab-
orate quantum mechanical calculations a classical model was considered, which reproduces the
characteristics of the two-color signal at high intensities in a satisfactory manner.

The experiments were performed at beamline BL2 of FLASH, using a synchronized IR laser system
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Figure 1: (left) Single-shot spectra of 2p photomemission in neon (~ωXUV = 46 eV) at the maxi-
mum temporal overlap. The spectra are arranged in terms of increasing laser electric field strength,
up to a maximumIIR ∼ 5×1013 W/cm2. (right, dots) Two-color electron spectrum at the increased
IR field strength of 8×1014 W/cm2, (line) corresponding results from a classical analysis ofthe
kinetic energy spectra.



[4]. The lasers were introduced into the experimental chamber in a collinear geometry where they
intersected an effusive gas jet. The resulting photoelectrons were detected with a magnetic bottle
electron spectrometer (MBES), which allows single-shot acquisition. The FEL was operated in
single-bunch mode at 5 Hz repetition rate and wavelength of 26.9 nm (46 eV) with a mean pulse
energy of about 20µJ. The IR laser system consisted of a low repetition rate (10 Hz), high power
Ti:sapphire setup (800 nm, 120 fs, 2 mJ) producing a maximum peak intensity of 3×1015 W/cm2

when focused. Both FEL and IR lasers have linear polarization parallel with the MBES axis.

In figure 1 (left) a series of single-shot electron energy spectra for Ne are shown. The spectra
show one central line corresponding to the direct 2p −→ ǫl photoline, accompanied by a nearly
symmetric spread of high and low energy sidebands, which result from the stimulated absorption
and emission ofn laser photons [5]. The growth of the sidebands is matched by acorresponding
decrease in the main photoline; i.e., the total electron yield remains constant, as the IR field does
not contribute to the primary ionization process. By increasing the laser electric field strength the
two-color energy spectrum extends to over 150 eV, see figure 1(right). The high-intensity data
can be interpreted in terms of a classical calculation, relying on the so-called Simpleman’s model
[6]. This model estimates the final kinetic energyU of an electron introduced into an IR field
EIR = E0(t)cos(ωIRt + φ0) with initial kinetic energyUa = ~ωXUV - IPNe. The photoelectrons
will have final kinetic energies of

U = Ua − sin(φb) cos(θb)
√

8UaUp + 2Up sin2(φb) (1)

whereφb is the phase of the IR-field at the instant of ionization andθb is the angle between the light
polarization and the initial velocity of the electron at birth. Up is the instantaneous pondoromotive
energy at the moment of birth tb.

Up =
e2E2

0
(tb)

4meω
2

IR

(2)

In this simplified approach, atoms are ionized statistically by the XUV pulse and electrons are
“born” into the IR field with an initial angular momentum distribution according to photoemission
from the Ne 2p level at 46 eV photon energy (β2 = 0.95) [7]. After the ionization process the
ion potential is neglected and the photoelectron is propagated classically in the IR-field, i.e., the
initial photoelectron momentum is shifted by the vector potential of the IR field at the time of birth.
The final photoelectron spectrum is obtained from an ensemble average over a large number of
statistically sampled trajectories, including focus averaging for equally sized XUV and IR beams
and a timing jitter between the XUV- and IR-pulses [8]. In figure 1 the experimental photoelectron
spectrum is compared to the result of the classical model. While the classical approach cannot
explain discrete sidebands, the overall kinetic energy distribution of the spectrum is reasonably
well described. This underlines that, on average, the action of the highly non-linear dressing field
can be well described with the simplified classical picture.
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