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High-order harmonics were generated in a two-color scheme exploiting an infrared parametric source with
self-stabilization of the carrier-envelope phase. A significant cutoff extension was observed with respect to
single color, 800 nm driving pulses at comparable peak intensities. Exploiting the wavelength tuning of the
parametric source in the 1.5–1.6 �m range, a continuous xuv spectrum extending from 36 to 70 eV was
generated in krypton. A broader xuv continuum, extending beyond 100 eV, was observed in argon. These
results represent a step forward in the extension of attosecond science toward the soft x-rays region and open
new perspectives in the investigation of quantum effects in atoms and molecules.
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I. INTRODUCTION

Since early experiments, high-order harmonic generation
�HHG� has been suggested as a powerful table-top tool for
temporal resolved measurements in the xuv spectral region
with resolution ranging from the femtosecond to the attosec-
ond domain. Big steps forward have been obtained in in-
creasing the harmonic pulse intensity �1� as well as in ex-
tending the available harmonic spectral region �2�. Moreover,
different techniques have been demonstrated for the genera-
tion of isolated attosecond pulses in the xuv exploiting HHG
by carrier-envelope phase �CEP� stabilized laser sources
�3,4�.

The harmonic emission process can be easily understood
in the framework of the three-step model �5�. The maximum
achievable harmonic energy is given by ��max= IP+3.2UP
�6�, where IP is the ionization potential of the gas target and
UP� I�2 is the quiver energy of the freed electron, with I and
� being the peak intensity and the wavelength of the driving
field, respectively. Since �max scales as �2, parametric
sources operating in the ir have been proposed as a way to
extend the harmonic emission spectrum up to keV energies
�7–10�. The main drawback of this approach is the reduction
of the harmonic yield expected with increasing driving
wavelength �12–14�.

Owing to the larger harmonic cutoff they provide, ir
sources operating from 1.5 to 3 �m have been also sug-
gested for the generation of isolated attosecond pulses ex-
ceeding 100 eV photon energy �15�. In order to generate such
pulses in a reproducible way, it is necessary to confine the
xuv emission within a single event, thus obtaining the gen-
eration of a continuous xuv spectrum. This temporal confine-
ment can be achieved in several ways. One approach is the
spectral selection of the cutoff region �16�. Another way ex-
ploits the strong dependence of harmonic generation on the
polarization of the driving field �3,17�. A temporal gate of the
harmonic emission can also be obtained in a two-color

scheme, where the driving electric field is the superposition
of two few-cycle pulses: one at frequency �0 and another at
frequency �1=2�0 �18,19�. Recently Merdji et al. �20� theo-
retically demonstrated generation of isolated attosecond
pulses in HHG driven by a multicycle two-color field with
two components of comparable intensity: one at frequency
�0 and the other one at a frequency �1 slightly detuned from
the second harmonic. Kim et al. �21� proposed another ap-
proach, where isolated attosecond pulses are generated by a
multicycle two-color field with a strong component at 800
nm and a weak one in the ir region. It is worth noting that
CEP stability is a crucial prerequisite for driving pulses ex-
ploiting all these techniques. Triggered by this purpose, sev-
eral high-energy infrared sources with passive CEP stabiliza-
tion �22� have been developed for driving high-order
harmonic generation processes �23–27�.

In this work we report on the generation of a coherent
continuous spectrum extending from 36 eV to more than 100
eV exploiting a self-phase-stabilized ir parametric source.
This result was achieved in three steps: �i� xuv spectra were
generated in atomic and molecular gases by the ir source. As
expected, a significant cutoff extension was observed in all
the targets with respect to 800 nm driving pulses; a prelimi-
nary estimation of the xuv emission intensity confirmed the
yield scaling on driving wavelength reported in the literature.
�ii� The wavelength tunability of the ir source was subse-
quently demonstrated in the 1.5–1.6 �m range, allowing
full tunability of the harmonic peaks above 25 eV photon
energy. �iii� Such tunability was then exploited for control-
ling the harmonic emission process in a two-color configu-
ration, experimentally demonstrating the approach intro-
duced in Ref. �20�. Such technique allowed us to generate
single-shot broad xuv continua in krypton, extending from
36 to 70 eV. More interesting, though preliminary, results
were obtained in argon, where a single-shot continuum ex-
tension beyond 100 eV was observed at the expense of a
lower emission intensity. The combination of our experimen-
tal results opens new and encouraging perspectives for the
extension of attosecond physics toward the soft x ray spectral
region and for the investigation of quantum effects in atoms*caterina.vozzi@polimi.it
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and molecules in an unexplored photon energy range.
The paper is organized as follows. In Sec. II we briefly

describe the experimental setup. In Sec. III we compare har-
monic emission driven by the parametric ir source in atomic
and molecular gases to that obtained by a standard Ti:sap-
phire laser. Results concerning HHG experiments in two-
color configuration are reported in Sec. IV. Finally, we sum-
marize the results in the conclusions.

II. EXPERIMENTAL SETUP

The ir parametric source exploited in our experiments is
pumped by an amplified Ti:sapphire laser system �60 fs, 800
nm, 10 Hz, 120 mJ maximum pulse energy�. In the present
configuration a small portion of the available energy
��12 mJ� was used to drive the ir source. A broadband su-
percontinuum is generated by filamentation in a krypton-
filled gas cell and a phase stable seed is then produced by
difference frequency �DF� of the supercontinuum spectral
components. This seed is then amplified through a two-stage
optical parametric amplifier up to 1.2 mJ with a nearly
transform-limited pulse duration of �18 fs �27�. Carrier-
envelope-phase stability of this source has been demon-
strated, with rms fluctuations in the order of 220 mrad over
30 s �28�. The central wavelength of the amplified DF can be
tuned between 1.4 and 1.6 �m without significantly affect-
ing pulse duration and energy. In order to produce high-order
harmonic radiation we focused the ir driving pulses on a
synchronized gas jet operating at 10 Hz. Characterization of
harmonic emission was performed by means of a soft x-ray
spectrometer and a microchannel plate coupled to a phosphor
screen and a charge coupled device �CCD� camera. In this
configuration, the spectrometer is set to detect the spectral
range between 36 and 150 eV. The harmonic structure is
resolved only on a portion of the spectrum due to the finite
instrumental resolution. Taking into account the spectrometer
dispersion law and the properties of the detection system, we
roughly estimated the maximum photon energy for which the
harmonic structure could be resolved as �115 eV for 800
nm driving pulses and �79 eV for 1.5 �m driving pulses.

III. HHG IN SINGLE-COLOR SCHEME

As a preliminary step we investigated the capability of the
ir parametric source in extending the harmonic emission
above the 100 eV spectral region. Thus we compared the
harmonic radiation generated by the 1.5 �m parametric
source to harmonic spectra obtained with standard 800 nm
driving pulses. For this purpose, a small portion of our Ti-
:sapphire laser system was used for generating harmonics
with the same detection apparatus. The energy of the 800 nm
pulses was reduced in order to get comparable pulse peak
intensities in the focal region for both sources.

Figure 1 shows a comparison between normalized har-
monic spectra �in logarithmic scale� generated in krypton �a�
and argon �b� by the 800 nm laser and by the 1.5 �m source
��c� and �d�, respectively�. The peak intensity of the 1.5 �m
pulse at focus was estimated in about 2�1014 W /cm2,
whereas the focal peak intensity of the 800 nm pulse was

about 2.6�1014 W /cm2. A noticeable spectral extension of
harmonic radiation was measured for the parametric source
with respect to the standard Ti:sapphire source in both gases.
Cutoff energy was 118 eV in krypton and 145 eV in argon
for the 1.5 �m driving pulses; these values have to be com-
pared to 54 eV for krypton and 64 eV for argon in the case of
800 nm driving pulses. The observed cutoff energies in argon
agree with the prediction of the three-step model �65 eV for
800 nm driving pulse and 149 eV for 1.5 �m driving pulse
at the considered peak intensities�. It is worth noting that, in
the present spectrometer configuration, the 1.5 �m driving
pulse cutoff coincides with the detection instrumental limit;
nevertheless, as one can see from Fig. 1, the spectral evolu-
tion suggests an extension beyond this value. In the case of
krypton, we observed a difference between experimental cut-
off energies and values predicted by the cutoff law �63 eV
for 800 nm driving pulse and 147 eV for 1.5 �m driving
pulse at the mentioned peak intensities�. Such a difference
could be ascribed to ionization saturation: the atomic me-
dium is depleted before the peak of the driving electric field
is reached, thus resulting in an effective peak intensity which
is lower than the real one. Aside from the cutoff energy in-
crease, harmonic spectra generated by the 1.5 �m driving
source present interesting spectral feature. Indeed for both
generating media the xuv spectra show deep modulations
depending on the harmonic photon energy. These spectral
structures seem not be related to absorption in the generating
medium. Both single atom and collective effects are prob-
ably involved in determining these spectral features �11�.

In order to investigate the behavior of the harmonic yield
as a function of the driving wavelength, we compared har-
monic emission in argon for the spectral region between 40
and 55 eV �where both driving pulses produce harmonics�.
We observed a decrease in the emission yield with increasing
driving wavelength, which is comparable to the theoretical
prediction in �12� and the experimental observation in �14�.
In particular, our measurements show that the emission yield
in the case of 1.5 �m driving pulses is about 2 orders of
magnitude lower than the one observed with 800 nm driving

FIG. 1. Normalized high-order harmonic spectra generated by
800 nm driving pulses in �a� krypton and �b� argon. Normalized
high-order harmonic spectra generated by 1.5 �m driving pulses in
�c� krypton and �d� argon. All the spectra are in logarithmic scale.
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pulses at comparable peak intensity. In order to take into
account the experimental difference in the pulse peak inten-
sity of the two driving beams we assumed that the nonlinear
dipole moment matrix element dnl depends on the driving
pulse intensity I as dnl� I5 for plateau harmonics �29�. Then
we found a scaling law for the harmonic yield as �−6. As a
matter of fact, this result must be considered with some care,
since a proper estimation of the yield scaling law with driv-
ing wavelength should take into account macroscopic effects.
In our experiment we kept the argon gas pressure constant
and we optimized the gas jet position in order to maximize
the harmonic spectral extension; thus the phase matching
influence on the estimation of harmonic yield is not easily
discernible.

We extended our study to harmonic generation in molecu-
lar gases, namely, molecular nitrogen, molecular oxygen, and
carbon dioxide. Left panel of Fig. 2 shows normalized har-
monic spectra �in logarithmic scale� generated by the 800 nm
laser source in N2 �a�, O2 �b�, and CO2 �c�. These results

have to be compared to those reported in the right panel of
Fig. 2, where harmonic spectra generated by 1.5 �m driving
pulses in N2 �d�, O2 �e�, and CO2 �f� are reported. In these
measurements, the ir pulse peak intensity in the focus was
about 2�1014 W /cm2, whereas the focal peak intensity of
the 800 nm pulse was estimated in about 3.7
�1014 W /cm2. For N2, the cutoff photon energy moves
from 86 eV in the case of the 800 nm driving pulse up to 141
eV for the ir driving pulse. It is worth noting that we ob-
served a considerable extension in the cutoff frequency even
if the intensity of the parametric driving pulse is only slightly
more than half the intensity of the 800 nm driving pulse. For
O2, the cutoff photon energy for the 800 nm driving pulse
corresponds to 83 eV and it increases up to 111 eV for the
1.5 �m driving pulse, where an abrupt cutoff is observed.
Analogous result is observed for CO2: the cutoff position
moves from 83 up to 120 eV. In this latter case the cutoff
appears less pronounced.

Incidentally, we note that these results underline the pos-
sibility of exploiting HHG as a tool for investigating molecu-
lar properties. Indeed up to now all the experiments on HHG
from molecular targets have been performed with 800 nm
Ti:sapphire laser sources �see for instance �30–35��. As our
measurements demonstrate, HHG in molecular gases by
near-ir driving pulses enters in a spectral region which was
previously unexplored. This result is particularly important
for relatively big molecules with a low ionization potential,
since ionization saturation hinders high order harmonic gen-
eration in such molecules with standard Ti:sapphire sources.

IV. HHG IN A TWO-COLOR SCHEME

Exploiting the tunability of our near-ir parametric source,
we were able to shift the central frequency of the driving
pulses in a wide range between 1.4 and 1.6 �m without
significantly affecting pulse energy and duration. Inset of
Fig. 3�a� shows two spectra of the parametric source tuned
around 1.5 �m �dashed curve� and 1.6 �m �solid curve�,
respectively. The measured pulse duration was �20 fs in
both cases. The pulse peak intensity in the harmonic genera-
tion region was �2�1014W /cm2 for both central wave-
lengths. In Fig. 3 the harmonic spectra generated in krypton
�a� and argon �b� by 1.5 �m �dashed curve� and 1.6 �m
�solid curve� driving pulses are reported. The usual structure
of odd harmonics is clearly visible. For both generating me-

FIG. 2. Left panel: normalized high-order harmonic spectra gen-
erated by 800nm driving pulses in �a� N2, �b� O2, and �c� CO2.
Right panel: normalized high-order harmonic spectra generated by
1500 nm driving pulses in �d� N2, �e� O2, and �f� CO2. All the
spectra are in logarithmic scale.

FIG. 3. �Color online� �a�
High-order harmonic spectra gen-
erated in krypton by ir pulses with
central wavelength tuned around
1.5 �m �dashed curve� and
1.6 �m �solid curve�. Inset shows
spectra of the two corresponding
driving pulses with the same line
styles. �b� High-order harmonic
spectra generated in argon by ir
pulses with central wavelength
tuned around 1.5 �m �dashed
curve� and 1.6 �m �solid curve�.
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dia the longer wavelength driving pulse presents an exten-
sion of the cutoff frequency, as predicted by the cutoff law. It
is worth pointing out that a tunability of the order of 100 nm
around 1.5 �m in the driving wavelength corresponds to a
complete tunability of the harmonic peaks in the spectral
region above 25 eV.

The demonstrated carrier tunability was a fundamental
prerequisite for HHG measurements in a two-color driving
pulse configuration. The driving pulse was obtained by mix-
ing the near-ir pulses generated by the parametric source
with a small portion of the fundamental Ti:sapphire laser
beam. The two components of the driving field were syn-
chronized with a delay line; the polarization direction of the
two beam was set parallel by means of a half-wave plate.
Since Ti:sapphire pulses are not CEP stabilized, we expected
a change in the overall driving field due to shot-to-shot CEP
fluctuations of the 800 nm component; for this reason we
acquired single-shot harmonic spectra. The 800 nm pulse had
a peak intensity in the harmonic generation region lower than
�3�1013 W /cm2; indeed this component was not able to
produce by itself any detectable xuv emission. Adding the
800 nm component to the 1.6 �m driving pulse leads to field
symmetry breaking, which corresponds to the appearance of
even harmonics in the HHG process. This effect is evident in
Fig. 4�a�, which shows the xuv spectrum obtained in kryp-
ton. Panel �b� of the same figure shows the corresponding
two-dimensional acquired spectral image, which evidences

the discrete nature of the spectrum. The spectrum appears
peakless for wavelengths shorter than 28 nm while the even
and odd harmonic structures are clearly distinguishable for
longer wavelengths �see inset of Fig. 4�a��. In the case of a
spectrum with even and odd harmonics of 1.6 �m we can
estimate that our detection system was able to distinguish
between different harmonic peaks corresponding to energies
up to �50 eV. In this estimation we did not take into ac-
count the broadening of harmonic peaks with harmonic or-
der, which could further reduce the spectral resolution in the
short-wavelength region for multicycle driving pulses �36�.
CEP fluctuations in the 800 nm component of the driving
field did not affect significantly the harmonic spectral fea-
tures: even and odd harmonics were always visible in all the
single-shot measured spectra. This result is expected, since
both the ir and the 800 nm components are not single-cycle
pulses.

A completely different situation appeared when we tuned
the near-ir source to 1.5 �m and we added the 800 nm com-
ponent to the driving field. In this case the acquired spectra
showed a clear even and odd harmonic structures for some
shots and a broad continuum for some other shots. We attrib-
uted this behavior to CEP shot-to-shot fluctuations in the 800
nm component. Figure 4�c� shows two xuv spectra generated
in krypton for two particular shots of the 1.5 �m+800 nm
driving source. In the spectral region were the harmonic
should be discernible, a broad continuum appears in one case

FIG. 5. �Color online� Left
panel: portion of the single-shot
high-order harmonic spectrum
generated in argon by a 1.6 �m
+800 nm driving pulse �black
dashed curve� and by a 1.5 �m
+800 nm driving pulse �red solid
curve�. Right panels: single-shot
two-dimensional spectral images
corresponding to measurements
reported in �a�.

FIG. 4. �Color online� �a�
Single-shot high-order harmonic
spectrum generated in krypton by
a 1.6 �m+800 nm driving pulse.
Inset shows a detail of the spec-
trum. �b� Single-shot two-
dimensional spectral image corre-
sponding to measurement reported
in �a�. �c� Single-shot high-order
harmonic spectra generated in
krypton by a 1.5 �m+800 nm
driving pulse for two different
shots. A detail of the spectra is
shown in the inset. ��d� and �e��
Single-shot two-dimensional spec-
tral images corresponding to mea-
surements reported in �c�.
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�red solid curve� while in the other shot the spectrum appears
to be modulated �black dashed curve� �see inset of Fig. 4�c��.
This is evidenced by the two-dimensional acquired spectral
images shown in Figs. 4�d� and 4�e�. It is worth noting that,
though the spectrometer resolution was not enough in the
high photon energy region, an xuv continuous spectrum at
low photon energies is expected to be continuous in the
whole energy range we observed �thus up to the cutoff wave-
length of �16 nm corresponding to �70 eV�. Indeed, the
mechanism responsible for continuous xuv emission can be
identified in the temporal gating produced by the two-color
pulse �20�. In HHG by a multicycle driving pulse, harmonic
emission occurs every half optical cycle due to the symmetry
of the process. If the driving field consists of two compo-
nents with different wavelengths, the periodicity of the pro-
cess changes correspondingly to the change in the electric
field shape. This could lead to emission of higher xuv photon
energies only by a pulse slice around the peak of the driving
field. Thus a continuous spectrum observed at lower xuv
photon energies implies an xuv continuum also in the high
photon energy region, where spectral resolution is lower.

Similar results were observed in single-shot harmonic
measurements in argon, as reported in Fig. 5. We show in
panel �a� the harmonic spectra generated by a 1.6 �m
+800 nm driving field �black dashed curve� and by
1.5 �m+800 nm driving field �red solid curve� in the spec-
tral region around 30 nm. The two-dimensional acquired im-
ages corresponding to the measurements reported in Fig. 5�a�
are shown in Figs. 5�b� and 5�c�, respectively. While in Fig.
5�b� the spectrum evidences the discrete harmonic peaks, in
Fig. 5�c� the modulation corresponding to even and odd har-
monics has vanished.

Owing to the lower harmonic yield in argon, the single-
shot results are noisier as compared to the krypton ones.
Nevertheless a comparison between spectra reported in Fig.
5�a� indicates that for some values of the 800 nm component
CEP the harmonic spectrum becomes continuous. It is worth
pointing out that in the case of argon we expect the harmonic
spectrum to be continuous for xuv wavelengths shorter than
30 nm, up to the cutoff wavelength at 12 nm ��103 eV�.

In order to better clarify the contribution of the CEP fluc-
tuations of the 800 nm component in harmonic generation,
we report in Fig. 6�a� the harmonic spectra generated in ar-
gon by 1.6 �m pulses �black dotted curve�, 1.6 �m
+800 nm �black dashed curve� and 1.5 �m+800 nm driv-
ing pulses �red solid curve�. In these cases each spectrum is
the result of integration over 40 laser shots. Corresponding

two-dimensional acquired spectral images are reported in
panels �b�, �c�, and �d�, respectively. Even averaging the
HHG emission over several laser shots, we were able to ob-
serve an evident harmonic modulation for 1.6 �m
+800 nm driving pulses, whereas in the case of 1.5 �m
+800 nm driving pulses the harmonic structure is com-
pletely smeared out.

V. CONCLUSIONS

In this work we reported on HHG performed by a high-
energy self-phase-stabilized near-ir parametric source. The
experimental results show a dramatic extension of the cutoff
photon energy with respect to a standard Ti:sapphire laser
source in atoms and small molecules. We performed single-
shot two-color driven HHG experiment in argon and krypton
by mixing the ir and 800 nm components available in our
setup. We demonstrated the capability of controlling the har-
monic emission process by changing the near-ir central fre-
quency. Depending on the CEP of the two-color driving field
components, we observed a discrete harmonic structure or a
broad continuum extending from 16 to 34 nm in krypton.
Broad continuous spectra �from 12 to 34 nm� were also re-
ported in the case of argon. The combination of these results
opens new and encouraging perspectives for the extension of
attosecond physics toward the soft x-ray spectral region and
for the investigation of quantum effects in atoms and mol-
ecules on a broader range of photon energies with respect to
the state of the art. A very intriguing improvement of our
approach for xuv continuum generation will be made pos-
sible exploiting the broad amplification bandwidth of our
CEP-stabilized parametric source. By splitting the broadband
seed of the source and amplifying two different spectral por-
tions of the seed, it will be possible to produce a two-color
driving pulse for HHG with passive CEP stabilization of both
components. One could then control the driving electric field
shape by changing the relative CEP of the two components
thus finding the optimal condition for isolated attosecond
pulse generation.
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FIG. 6. �Color online� �a�
High-order harmonic spectra gen-
erated in argon by 1600 nm pulses
�black dotted curve�, 1.6 �m
+800 nm two-color pulses �black
dashed curve�, and 1.5 �m
+800 nm two-color pulse �red
solid curve�. ��b�, �c�, and �d��
Two-dimensional spectral images
corresponding, respectively, to
1600 nm, 1.6 �m+800 nm, and
1.5 �m+800 nm driving pulses.
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