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Controlling attosecond electron dynamics
by phase-stabilized polarization gating
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Attosecond electron wavepackets are produced when an
intense laser field ionizes an atom or a molecule1. When
the laser field drives the wavepackets back to the parent

ion, they interfere with the bound wavefunction, producing
coherent subfemtosecond extreme-ultraviolet light bursts. When
only a single return is possible2,3, an isolated attosecond pulse
is generated. Here we demonstrate that by modulating the
polarization of a carrier-envelope phase-stabilized short laser
pulse4, we can finely control the electron-wavepacket dynamics.
We use high-order harmonic generation to probe these dynamics.
Under optimized conditions, we observe the signature of a
single return of the electron wavepacket over a large range
of energies. This temporally confines the extreme-ultraviolet
emission to an isolated attosecond pulse with a broad and
tunable bandwidth. Our approach is very general, and extends
the bandwidth of attosecond isolated pulses in such a way that
pulses of a few attoseconds seem achievable. Similar temporal
resolution could also be achieved by directly using the broadband
electron wavepacket. This opens up a new regime for time-
resolved tomography of atomic or molecular wavefunctions5,6

and ultrafast dynamics.
During high-order harmonic generation (HHG) in gas7,

short electron wavepackets (EWPs) are periodically released by
high-field ionization. Their subsequent coherent interaction with
the remaining bound wavefunction leads to coherent extreme-
ultraviolet (XUV) emission. The T0/2 periodicity of this process
(T0 being the laser optical period) ensures that only odd harmonics
of the fundamental radiation are emitted. Temporally, the XUV
pulses are emitted as a train of chirped attosecond pulses8–10

(1 attosecond = 10−18 s). For both plateau (low energy) and cut-off
(high energy) harmonics, specific focusing conditions ensure that
only a single attosecond pulse is emitted every half cycle11,12.

Extracting an isolated attosecond pulse from this train
requires breaking the periodicity of the process, so that XUV
emission is only possible within a single half cycle of the
fundamental pulse. In this way, isolated 250-attosecond-long
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Figure 1 Spectra generated in argon. Spectra emitted from an argon medium
irradiated with a polarization-modulated pulse (τ = 5 fs, δ = 6.2 fs, β = 0◦ ) as a
function of the CEP shift. For some CEPs, harmonic peaks appear, whereas for other
CEPs, they broaden up to a continuum.

pulses were recently obtained13 by selecting the (highly intensity
dependent) cut-off harmonics generated in neon by a 5-fs
linearly polarized, fundamental pulse with stabilized carrier-
envelope phase (CEP). With this technique, the minimum pulse
duration achievable is limited by the (∼10 eV) bandwidth of
the selected cut-off harmonics, which prevents us reaching the
sub-100-attosecond domain.

To isolate a broadband attosecond pulse, we used a different
approach2. Our approach relies on the strong HHG sensitivity
on the ellipticity, ε, of the fundamental field, which is largely
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Figure 2 Spectra generated in neon. Spectra emitted from a neon medium
irradiated with a polarization-modulated pulse (τ = 5 fs, δ = 6.2 fs, β = 0◦ ) as a
function of the CEP shift. The efficiency of the emission process strongly depends on
the CEP, and the spectra are continuous at maximum efficiency.

wavelength independent. The HHG efficiency is maximum when
ε = 0 (linear polarization) and decreases quickly as ε increases.
Carrying out HHG with a fundamental pulse that is only linearly
polarized for a short time (and elliptically polarized elsewhere)
ensures that the XUV emission is temporally confined2,14–21 inside
a ‘polarization gate’, where the fundamental ellipticity is small.

To modulate the laser-pulse polarization, we developed a simple
technique16 using birefringent plates (see the Methods section). The
polarization-gate width22, τg, given by

τg = εthrτ
2

ln(2)δ|cos(2β)| (1)

(εthr being a threshold ellipticity, τ the minimum driving-pulse
duration) can be controlled through a delay (δ) and an angle
(β). For polarization gates as short as T0/2, required to produce
isolated attosecond pulses, the CEP4 of the driving pulse also plays
a crucial role in controlling the EWP dynamics19,20,22. The CEP,
controlling the field position in the envelope, locates the possible
recombination times (linked to the field) inside or outside the
gate (linked to the envelope). Here, we use our robust polarization
modulator in conjunction with CEP-stabilized 5-fs pulses to create
a polarization gate shorter than T0/2. We observe the signature of
the EWP dynamic control by recording the CEP dependence of the
emitted XUV spectra.

Without polarization-induced confinement, we observed well-
defined harmonics (we obtained 0.6-eV-wide plateau harmonics
with both plates at α = β = 45◦) that were weakly affected by
the CEP, except for the cut-off harmonics generated in neon23.
When decreasing β, the interaction parameters were kept constant,
except for the gate width, which was continuously decreased, and
we observed a progressive broadening of the harmonics associated
with a growing dependence on the CEP. With strong polarization-
induced confinement, the CEP influence was very strong on the
whole spectrum. Figure 1 shows 50 XUV spectra (horizontal lines)
generated in argon (with τ = 5 fs, δ = 6.2 fs, β = 0◦) for 50
different CEP values varied over a 3π range. The spectra amplitudes
and shapes periodically change for a CEP variation �ψ = π.
For those CEP minimizing the XUV emission, clear harmonic
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Figure 3 Comparison between simulated and experimental spectra.
a, Simulated and b, experimental spectra obtained for HHG in argon with a
polarization-modulated pulse (τ = 5 fs, δ = 6.2 fs, β = 0◦ ) for two CEPs differing
by π/2. The inset shows the simulated temporal profile associated with these CEPs
(considering all of the harmonics above the order of 11 emitted in the laser direction
from a 1-mm-thick argon jet).

structures are present. After a π/2 CEP shift, the efficiency becomes
maximum, the harmonic structures vanish and the spectra become
continuous in the range observed, with weak modulations for
the lowest harmonics. For the cut-off part of the spectrum, the
energy in the XUV continuum is estimated24 to be ∼20 pJ per shot
(efficiency:10−7) and for the 25–50 eV spectral range, the total XUV
energy per shot is ∼70 pJ.

When generating XUV in neon (using the same polarization
modulation but a higher intensity in the gas medium), a stronger
CEP influence was observed (Fig. 2). The emission efficiency still
evolves with the same π periodicity but changes more strongly
with the CEP. At maximum efficiency, the spectra were again
continuous over all of the recorded bandwidths with a 30-eV full-
width at half-maximum, and the energy in the continuum was
∼1 pJ (efficiency: 5×10−9).

Controlling τg by changing δ changed the XUV spectra
dramatically. By reducing δ from 6.2 to 5 fs (to increase τg) and
generating XUV in neon, we observed an increase in the generation
efficiency and a CEP evolution of the XUV spectra similar to that
displayed in Fig. 1 for argon with broad, but resolved, harmonics
for some CEP values and broadband continuous spectra (reaching
the 100 eV photon energy, and with an integrated energy of ∼3 pJ
per shot) for other CEP values. Slightly larger gates induced a large
CEP-dependent harmonic frequency shift (also apparent in Fig. 1
for the highest photon energy) that gives an apparent continuous
spectrum without CEP stabilization. This clearly confirms that the
observation of a continuous spectrum is only meaningful when the
CEP is controlled4,19.

Decreasing τg by increasing δ allowed us to generate XUV
continuous spectra, in argon, that show the strong modulation
in efficiency formerly described with neon (Fig. 2). Increasing
δ reduced the intensity in the gate, and thus decreased the
emission efficiency.

We also verified the importance of selecting a single
trajectory11,12 by properly positioning the medium after the laser
focus, as the confinement effect was maximum there.
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Table 1 Measured threshold ellipticity, εthr, for harmonic generation (order q= 13 to 25) in argon and (q= 27 to 73) in neon.

q 13 15 17 19 21 23 25 27 31 35 41 49 53 73
εthr(%) 17.5 16 14 14 12 12 12 11.5 11.5 11.5 11 10 10 8

The strong CEP dependence of the spectra is consistent
with a strong confinement of the XUV emission. For the
highest harmonics generated in argon, either one or two XUV
bursts, depending on the CEP, are emitted leading to either
a continuous spectrum or a modulated spectrum with broad
harmonic structures. The 1.6-eV width of the harmonics (Fig. 3b)
is the signature of the interference between only two XUV bursts.
For the lowest order harmonics obtained in argon (Fig. 3b),
harmonic structures are always noticeable. This implies that these
low harmonics are less confined (as expected from Table 1 because
they are slightly less ellipticity sensitive) than the higher ones,
and indicates that two pulses interfere. However, the observed
modulation depth (10–20% of the signal) can be produced by
a second attosecond pulse when its energy is less than 1% of
the main-pulse energy. Table 1 shows that the high harmonics
generated in neon are more ellipticity sensitive than those generated
in argon. Therefore, the polarization-induced confinement is
stronger for XUV emission in neon than in argon, as observed here.

The experimental results were simulated by a numerical
model14,20,22 derived from the three-steps model, including
Coulomb attraction of the nucleus and propagation in the
generating medium (1 mm long). In Fig. 3a, we show two simulated
spectra generated in argon (with τ = 5 fs, δ = 6.2 fs, β = 0◦) for
two CEP values differing by π/2. The corresponding experimental
spectra are shown in Fig. 3b, and the overall agreement is striking.
Only the fringe contrast is weaker experimentally than theoretically.
This can be due to the fact that only on-axis emission is simulated
(whereas the experimental spectra correspond to the XUV emission
in all directions) and/or to the small (0.1 rad) CEP fluctuations.
After selecting all of the harmonics with orders higher than 11
(experimentally this selection is possible with an Al filter), this
analysis gives us the temporal shape of the XUV pulses (Fig. 3a
inset). Changing the CEP leads to a situation where either two
XUV attosecond pulses or a single attosecond burst (with a pre-
pulse of energy equal to 0.5% of the main-pulse energy), which
has a duration of 260 attoseconds (165 attoseconds after chirp
compensation), are emitted. The simulations are also in good
agreement with the results obtained in neon and show that, in the
spectral range observed, chirped isolated pulses of 205 attoseconds
(85 attoseconds after chirp compensation) can be produced over
a broad range of CEP in the experimental conditions of Fig. 2
(with very good contrast). Therefore, after chirp compensation,
sub-100-attosecond XUV pulses are accessible with this technique.
Chirp compensation was recently demonstrated25 in the wavelength
range corresponding to HHG in argon, and techniques have been
published for other spectral domains26,27.

The generation of such broadband isolated EWP and XUV
pulses opens the way for new applications in attoscience. Our
approach enables us to vary the carrier wavelength of an isolated
attosecond pulse, and therefore allows selective studies. For
instance, at moderate XUV energy, isolated attosecond pulses can
now be produced, and are well suited to follow ultrafast processes,
such as proton transfer or evolution of highly excited molecular
states. At higher energy, sub-100-attosecond pulses are within
reach, and have the required duration to study electron–electron
interactions, such as Auger processes or electron correlation. Trains
of short EWPs were also directly used to carry out tomography
of stationary molecular orbitals5. Broadband, isolated short EWPs
can be used to carry out time-resolved tomography of non-

stationary molecular orbitals, or even to probe the ultrafast
temporal evolution of bound EWPs6.

The energy of the isolated XUV pulses emitted through
polarization gating can be increased in several ways. Here the
generation parameters (gas pressure, interaction geometry, laser
intensity) were chosen to unambiguously observe the confinement,
and were probably not optimal for maximum efficiency. Higher-
energy few-cycle pulses will also be available soon (through optical
parametric chirped pulse amplification, OPCA, for instance) and
can directly be used with this technique. Alternative polarization-
gating techniques2,15,28 also exist, and could allow the use of longer
fundamental pulses with higher energy. Finally, polarization gates
shorter than T0/2 are required here for the production of isolated
attosecond pulses only because the periodicity of HHG is T0/2.
Adding a weak second-harmonic field to the fundamental pulse
can increase this periodicity to T0, in which case larger gates can
be used which can be created with even higher-energy, longer
fundamental pulses.

The XUV confinement to an isolated attosecond burst by
polarization gating is possible both in the plateau and cut-off region
because these harmonics evolve similarly with ε. This ellipticity
dependence is very general, and we have shown that the central
frequency of the attosecond pulse can be tuned by changing the
gas. Other media can be used to further increase the bandwidth and
tunability of isolated attosecond pulses. This bandwidth is limited
by the cut-off energy, which has reached the keV level29 and can still
be extended. Isolated pulses with a several-hundred-eV bandwidth,
and a duration of a few attoseconds could then be obtained
after chirp compensation, and will allow us to study ultrafast
multiple-electron rearrangement. Using isolated broadband EWP,
similar temporal resolution would be achievable for high-spatial-
resolution tomography of electronic wavefunctions.

METHODS

The polarization-gating technique that we have developed16 provides both a
rapid modulation of the ellipticity and a 100% transmission of the input pulse
energy. It involves transmitting an incoming pulse through two birefringent
(quartz) plates: a first thick plate and a zero-order quarter waveplate. The
incoming pulse is linearly polarized (along a direction that defines the reference
for the angles α and β) at α = 45◦ of the neutral axis of the first thick plate. By
crossing it, the pulse is split into two delayed (delay δ) cross-polarized twin
pulses. The delay, δ, is proportional to the plate thickness, and depends on the
plate indexes at the carrier frequency of the pulse. Several thicknesses have been
used to change δ (a 193-μm thickness induced δ = 6.2 fs at the carrier
wavelength of 750 nm). Alternatively, we also replaced this plate with two
mobile quartz wedges (birefringent plate with controllable thickness) to
continuously control δ. When necessary, we could tune the plate thickness to
obtain a quarter waveplate at the pulse carrier wavelength. In that case, the
outgoing pulse polarization evolves from linear to circular, and back to linear.
After crossing a second zero-order broadband quarter waveplate (with its
neutral axis at an angle β with respect to the reference direction), the outgoing
pulse is linearly polarized at its centre and circularly polarized (for β = 0◦) in its
wings. Therefore, it has a time-dependent polarization, suitable for confining
HHG. The polarization modulation is defined by δ, and by the minimum
driving-pulse duration τ (we only consider pulses that are Fourier-limited in
the interaction region). By considering gaussian pulses and defining the
threshold ellipticity (see Table 1), εthr, as the constant ellipticity for which the
harmonic signal is decreased to 50% of the maximum signal (obtained for
ε = 0), the polarization gate has a width given by22 τg = εthrτ

2/(ln(2)δ).
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Isolating a single attosecond pulse requires τg < T0/2. When the first quartz
waveplate is a quarter waveplate, the gate width can be controlled further16 by β

without changing the intensity profile of the outgoing pulse. Larger gate widths,
given by equation (1) can then be obtained.

As HHG is a highly nonlinear process, it is important to keep the highest
intensity inside the gate to maximize the efficiency. Ideally, the peak intensity of
the pulse must be reached in the gate, which implies δ ≤ τ. When delays larger
than τ are used, the intensity shows a minimum inside the gate, and the
polarization confinement can be influenced by a pre-pulse of higher intensity.
Combining δ ≤ τ with τg ∼ T0/2 requires pulses shorter than 6–7 fs to
efficiently generate isolated attosecond pulses.

The 5-fs pulses are produced by compression30 of 25-fs light pulses
generated by a Ti:sapphire laser system (0.7-mJ energy, 1-kHz repetition rate).
Such compression involves spectral broadening of the pulses inside an
argon-filled tapered hollow fibre followed by recompression using
ultrabroadband chirped mirrors. The CEP of the driving pulses is stabilized
using an experimental setup similar to that described by Baltuška et al.4, and
the residual CEP fluctuations are about 0.1 rad (r.m.s.). The CEP can be finely
adjusted, without changing the pulse duration. The pulse polarization was then
modulated with the above-mentioned technique. The XUV light is produced by
focusing the polarization-modulated pulses onto an argon- or neon-gas jet
created by a 400-μm-wide nozzle. The jet was positioned after the laser focus to
select the short quantum trajectory by means of phase matching11,12. After
pre-compensating for the plate’s dispersion, we systematically checked that the
pulses were unchirped in the interaction region. The radiation is collected and
analysed by means of a high-throughput flat-field grazing-incidence
spectrometer using an open solar-blind bidimensional detector24.

The experimental conditions were optimized to suppress any spectral
broadening that was not directly connected to the confinement induced by the
combined action of CEP and polarization gating (we used a moderate gas
pressure and a low enough intensity to avoid spectral changes related to
ionization). Experimentally, we checked that these effects were not significant
because, without any gate (that is, with an intensity two times higher than with
the gate), we observed well-defined plateau harmonics in argon and neon with
a typical width of ∼1 eV.
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