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Quantum path control in harmonic generation by temporal shaping of few-optical-cycle
pulses in ionizing media
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Temporal reshaping of the electric field of few-optical-cycle pulses in a low-density ionizing gas has been used
to achieve control of the electron trajectories in the process of high-order harmonic generation. As a result of such
a quantum path control mechanism, isolated or multiple attosecond pulses have been produced, depending on the
carrier-envelope phase of the driving field. In particular, complete spectral tunability of the harmonic peaks over
the whole spectral range has been demonstrated. Experimental results have been interpreted using a nonadiabatic
three-dimensional propagation model and a nonadiabatic stationary phase model.
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Extreme-ultraviolet (XUV) laser sources of isolated and
trains of attosecond pulses represent very important tools
for the investigation of ultrafast electron dynamics in atoms,
molecules, and condensed matter, with temporal resolution
approaching the atomic unit of time [1,2]. So far, high-order
harmonic generation (HHG) in gases has been the workhorse
technique for the production of XUV radiation in the sub-
femtosecond domain. In the framework of a semiclassical
model [3], an electron exposed to an intense, linearly polarized
electric field is emitted from the atom by tunnel ionization.
The freed electron can be driven back toward its parent ion,
following complex trajectories (quantum paths), governed by
the electric field of the excitation pulse. Finally, electron
recombination to the ground state leads to periodic emission
of subfemtosecond bursts of XUV radiation. In general,
two quantum paths give the most relevant contribution: the
so-called short quantum paths, with an electron return time
close to half an optical period, and the long quantum paths,
with a return time close to one period. Control of XUV
spectral and temporal characteristics requires shaping of
electron trajectories on an attosecond time scale. The use
of driving pulses with the stabilized carrier-envelope phase
(CEP) for the confinement of the XUV generation to a single
event is an example of such a quantum path control [4].
Shaped excitation pulses, synthesized by combining two of
multiple wavelengths, have been also proposed and partially
employed to control the quantum paths in order to enhance the
energy of the XUV photons [5,6]. Moreover, phase-matching
mechanisms have been used for selection and enhancement
[7,8] of particular quantum paths.

In this Rapid Communication we investigate, both experi-
mentally and theoretically, a method for quantum path control
on an attosecond time scale, based on the shaping of the
electric field of few-optical-cycle driving pulses induced by
propagation in an ionizing medium. As recently demonstrated,
by using 5-fs pulses with the above saturation intensity and
controlled electric field, short temporal gates can be obtained,
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allowing the generation of nanojoule energy isolated sub-160-
as pulses or short trains of attosecond pulses, depending on
the CEP of the driving field [9]. The physical mechanism
at the basis of such a gating technique is related to the
subcycle ionization dynamics in the generating medium. Here
we show that such a gating technique allows one to obtain
complete tunability of the XUV emission in a very broad
spectral region, upon changing the CEP of the driving field. We
demonstrate that the quantum path control can be interpreted
as a single-atom effect related to a propagation-induced
temporal distortion of the driving few-optical-cycle field. The
efficient generation of tunable XUV emission over a broad
spectral range is of crucial importance for various applications
ranging from the seeding of free-electron lasers (FELs) to the
development of unique attosecond spectroscopy methods. In
the case of FEL seeding the present technique offers unique
advantages: (i) full tunability between consecutive harmonic
orders also at low photon energies; (ii) a nearly constant
intensity of a given harmonic peak in the full tuning spectral
range; and (iii) generation of XUV pulses with nanojoule
energy, which is a rather demanding requirement for efficient
FEL seeding [10]. Selection of single harmonics from a tunable
spectrum by using time-compensated monochromators [11]
allows one to perform pump andprobe time-resolved experi-
ments in the XUV spectral region, with a few-femtoseconds
temporal resolution. Generation of short trains of attosecond
pulses can be important for attosecond spectral interferometry
measurements [12].

The XUV radiation was generated by focusing 5-fs driving
pulses at a 1-kHz repetition rate in a 2.5-mm-long cell filled
with xenon or argon at static pressure (2.5–3 Torr). The CEP-
stabilized driving pulses presented a CEP residual fluctuation
of ∼120 mrad (rms). The peak intensities were estimated to
be ∼2.5 × 1015 W/cm2 and 3.5 × 1015 W/cm2 when using
xenon or argon as the generating media, respectively. The
gas cell was positioned just after the laser focus to select the
short quantum trajectory by means of phase matching [7].
The fundamental radiation and the low-order harmonics were
blocked by a 100-nm-thick aluminum filter; a 200-μm-diam
pinhole was positioned in the XUV-beam path for spatial
filtering. The XUV emission was spectrally dispersed using
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FIG. 1. (Color online) (a) Experimental XUV spectra generated
in xenon (a) and in argon (b), acquired as a function of the CEP of
the driving field. Bottom panels: XUV spectral profiles acquired for
three different CEPs (A, B, and C).

a flat-field grazing-incidence spectrometer and detected by a
microchannel plate coupled to a phosphor screen and a CCD
camera [13].

Figure 1(a) shows XUV spectra generated in xenon and
acquired as a function of the CEP of the driving field: The
spectral shape periodically changes for a CEP shift �φ = π .
For particular CEP values the XUV spectrum is continuous,
thus indicating the generation of isolated attosecond pulses
[9]. It is worth noting that in this case the energy of the
XUV pulses was estimated to be ∼2 nJ after the aluminum
filter. Upon changing the CEP value, the XUV spectrum
becomes modulated as a result of the interference between
two attosecond pulses. This interference gives rise to a
beating structure which no longer corresponds to the odd-order
harmonics of the driving field. The scan also reveals the
presence of a strong shift in the XUV peak positions upon
changing the CEP. We further investigated the shaping of the
XUV emission as a function of the CEP by performing the
same experiment in argon. Although a continuous emission
can be also observed with argon as the generating medium, in
this case we choose a peak intensity of the driving field that
allows one to obtain a discrete emission for all the CEPs. This
means that the width of the gate, which is set by the ionization
profile, is large enough to select two or more attosecond pulses.
Figure 1(b) shows the XUV spectra generated in argon and
acquired as a function of the CEP of the driving field: A
complete tunability of the XUV emission can be obtained
upon changing the CEP. It is worth pointing out that complete
tuning of the harmonic peaks versus CEP is not limited to
the cutoff region of the XUV radiation, as already reported in
previous works, where XUV tunability was restricted to the
high-energy portion (>90 eV) of the XUV spectrum [4,14].
Here the spectral tunability is observed over the whole XUV
spectrum, which extends up to 50 eV. We have experimentally
observed that CEP residual fluctuations <200 mrad (rms),
typical for commercial CEP-stable laser systems, allows one
to achieve such a tunability control.

FIG. 2. (Color online) Left-hand panels: Evolution of the XUV
spectra calculated using the 3D model as a function of the CEP,
assuming the same parameters of the experiment, for two different
propagation distances inside the gas cell filled with xenon: 0.5 mm
(a) and 2.5 mm (b). Right-hand panels: Calculated evolution of the
XUV spectra as a function of the CEP, assuming the same parameters
of the experiment, for two different propagation distances inside the
gas cell filled with argon: 0.5 mm (c) and 2.5 mm (d).

In order to understand the physical mechanisms at the
basis of the observed spectral tunability, we used a three-
dimensional (3D) propagation model, which takes into account
both temporal plasma-induced phase modulation and spatial
plasma-lensing effects on the fundamental beam [15]. The
ionization rates have been calculated by using the Ammosov,
Delone, and Krainov (ADK) theory [16]. Figure 2(a) shows
the evolution of the XUV spectra generated in a xenon cell,
calculated as a function of the CEP of the 5-fs excitation pulse,
assuming the same gas pressure and laser peak intensity used
in the experiment, and a gas-cell thickness of 0.5 mm (i.e.,
five times shorter than the actual thickness). In agreement
with the experimental results shown in Fig. 1(a), a periodic
evolution from modulated spectra to continuous spectra is
clearly reproduced by the simulations but the spectral position
of the harmonic peaks is almost insensitive to the CEP
values, contrary to what is experimentally observed. Complete
tunability of the XUV peaks is perfectly reproduced by the
numerical simulation upon considering the correct gas-cell
thickness, as shown in Fig. 2(b).

We performed the same calculations in the case of argon.
Figures 2(c) and 2(d) show the calculated evolution of the
XUV spectra as a function of the CEP of the 5-fs driving
pulse, for two different gas-cell thicknesses, 0.5 and 2.5 mm,
respectively. Gas pressure and laser peak intensity were
assumed to be equal to the experimental values. Also in this
case, the complete tunability of the harmonic peaks can be
reproduced only by considering the actual propagation in the
gas cell.

041802-2



RAPID COMMUNICATIONS

QUANTUM PATH CONTROL IN HARMONIC GENERATION . . . PHYSICAL REVIEW A 84, 041802(R) (2011)

FIG. 3. (Color online) Top panels: Time-frequency spectrograms
of the XUV emission from argon calculated for φ = 0 and after
0.5 mm (a) and 2.5 mm (b) of propagation inside the gas cell (logarith-
mic color map). Bottom panels: Time-frequency spectrograms of the
XUV emission from argon calculated for φ = π/2 and after 0.5 mm
(a) and 2.5 mm (b) of propagation inside the gas cell (logarithmic
color map). Red dashed lines represent the emitted energies as a
function of the recollision times calculated with the saddle-point
analysis. Labels of the corresponding short trajectories are reported
on top of the figure.

The numerical simulations show that the spatial reshaping
of the driving pulse is weak, as a result of the very low
pressure used in the experiment, while the plasma-induced
phase modulation strongly affects the temporal shape of the
electric field of the driving pulse. We will demonstrate that
such a temporal distortion is responsible for the reshaping of
the quantum trajectories which contribute to the HHG process.

The role of the quantum paths involved in the generation
process can be analyzed by using the Gabor time-frequency
analysis. This technique consists of filtering a portion of the
calculated harmonic spectrum and taking its Fourier transform
[17]. Figure 3 shows, in a logarithmic scale, the time-frequency
spectrograms calculated in the case of argon for two CEP
values φ = 0 and φ = π/2 and two gas-cell thicknesses 0.5
and 2.5 mm. The experimental cutoff energy is shown by
the white dashed lines: The overall XUV energy is almost
completely contained in the photon energy range between 20
and 50 eV. In the case of the short cell, the spectrogram
corresponding to φ = 0 [see Fig. 3(a)] exhibits a single
dominant contribution: In such a case additional recollisions
are strongly suppressed by the short temporal gate induced
by the ionization profile. Upon considering the same gas-cell
thickness, the time-frequency spectrogram corresponding to
φ = π/2, displayed in Fig. 3(c), shows the presence of two
main contributions to the XUV emission, due to the different
shape of the temporal gate. Additional propagation inside
the ionizing medium creates a distortion of the fundamental
field, thus affecting both the shape of the temporal gate and
the recollision processes. For φ = 0 [Fig. 3(b)] an additional

contribution appears after the main one, while for φ = π/2
[Fig. 3(d)] two dominant contributions can be still observed,
however, the temporal separation between the two is reduced
by the plasma-induced chirp of the electric field. An important
result of the Gabor analysis is that in all the spectrograms
each energy is generated only once during a laser half cycle,
corresponding to the short trajectories of the semiclassical
picture. As a direct consequence we can assume that the long
trajectories do not play any role in the observed spectral shift
of the XUV peaks.

A more direct physical interpretation can be achieved by
using nonadiabatic saddle-point simulations [18,19], which
directly analyze the XUV generation process in terms of
the electron trajectories. According to the results of the
previous Gabor analysis, we have considered only the short
quantum paths. The temporal evolution of the driving field
considered in the simulations has been calculated by us-
ing the 3D propagation model, so that it takes into ac-
count the temporal reshaping effects induced by propagation
in the ionizing medium. The calculated photon energies as
a function of the recollision times for two CEP values and
two propagation lengths are shown by the red dashed lines
in Figs. 3(a)–3(d), showing perfect matching between the
time-frequency diagrams obtained from the full 3D calculation
and the results of the saddle-point simulations. We have then
calculated the evolution of the XUV spectra generated in
argon as a function of the CEP of the excitation pulse. In
the case of an excitation field calculated at the entrance of
the gas cell [hereafter called E0(t)], discrete XUV spectra
have been obtained, with harmonic peaks almost insensitive
to the CEP of the driving field. A complete tunability of
the XUV radiation, in perfect agreement with experimental
results, has been obtained only considering the temporal
reshaping effects induced by propagation in longer (2.5-mm)
cells [the corresponding driving electric field will be indicated
as E2.5(t)].

The nonadiabatic saddle-point simulations allow one to
obtain a very simple physical interpretation of the observed
spectral shift of the harmonic peaks. In agreement with
the Gabor analysis, in our experimental condition only two
quantum paths (paths 3 and 4 in Fig. 3) effectively contribute
to harmonic generation. The spectral position of the harmonic
peaks is determined by the phase difference ��(ω) between
such quantum paths:

��(ω) = �4(ω) − �3(ω)

= ω(t4 − t3) − (S4 − S3) + (ϕ4 − ϕ3), (1)

where ti is the recombination time, Si is the semiclassical
action, and ϕi is a residual phase associated to the quantum path
i = 3,4 (the relative weight of the two quantum trajectories
changes only the contrast of the interference pattern). We have
found that the spectral shift of the harmonic peaks is almost
entirely related to the first term ω(t4 − t3) in Eq. (1), which
can be also written as

ω(t4 − t3) = ω(t04 − t03) + ω(τ4 − τ3) = ω�t0 + ω�τ, (2)

where t0i is the ionization time and τi is the time spent by
the electron in the continuum, associated with the quantum
path i = 3,4. The phase term ω�t0 is almost unaffected by

041802-3



RAPID COMMUNICATIONS

F. CALEGARI et al. PHYSICAL REVIEW A 84, 041802(R) (2011)

FIG. 4. (Color online) (a) Portion of the electric field calculated
for φ = 0 at the entrance of the gas cell (black line) and after 2.5 mm
of propagation inside the gas cell (red/gray line). Emitted photon
energies as a function of the real parts of the ionization times (solid
curves) and of the recombination times (dashed curves) for paths 3
and 4 calculated at the entrance of the gas cell (b) and after 2.5 mm
of propagation inside the gas cell (c). (d) Difference of the real parts
of the ionization times �t0 calculated at 35 eV and as a function of
the CEP of the driving field at the entrance of the gas cell (black
circles) and after 2.5 mm of propagation inside the gas cell (red/gray
squares).

CEP at the gas-cell entrance, while at the output it is strongly
influenced by CEP. On the other hand, the phase term ω�τ

shows only a small dependence on CEP in the spectral range

of interest, moreover, such a contribution is almost perfectly
canceled by the �S = S4 − S3 term, both at the entrance and
at the output of the gas cell. Therefore, we can conclude
that the observed harmonic tunability is mainly related to
the dependence of the phase term ω�t0 on CEP, produced
by the temporal distortion of the electric field induced by
the propagation inside the gas cell, as shown in Fig. 4(a).
The effects of such a temporal distortion on the quantum
trajectories can be clearly observed in Figs. 4(b) and 4(c),
where the real parts of the ionization times (solid curves)
and recombination times (dashed curves) for paths 3 and
4 are reported assuming E(t) = E0(t) and E(t) = E2.5(t),
respectively. In order to give a more direct picture of the
physical mechanism, we have calculated the evolution of �t0
at the fixed energy of 35 eV as a function of the CEP of
the driving field: The results are shown in Fig. 4(d). At the
entrance of the gas cell �t0 is almost insensitive to CEP, while
at the output of the cell �t0 linearly increases with CEP:
Such an evolution is connected to the plasma-induced chirp
of the electric field. Thus, the tunability of the XUV emission,
observed over the whole spectral range, can be completely
assigned to the reshaping of the quantum trajectories as a
result of the propagation in the ionizing medium.

In conclusion, in this Rapid Communication we demon-
strated the possibility to completely control the XUV emission
process upon changing the CEP of an intense few-cycle driving
field. The reshaping of the electron quantum trajectories
induced by nonadiabiatic propagation in an ionizing medium
allows one to obtain complete tunability of the XUV emission
over the whole spectral range. It is worth noting that as only
two trajectories contribute to the XUV emission, this spectral
shaping in the frequency domain corresponds in the time do-
main to the generation of two attosecond pulses, whose relative
phase can be controlled by adjusting the CEP of the driving
pulse. Such a behavior can be a promising tool for attosecond
transient-absorption spectroscopy experiments [12].
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