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The combination of polarization gating and two-color gating is a promising approach to generate single
isolated attosecond pulses with multicycle pump lasers. We searched the phase-matching conditions for high-
order harmonic generation with such a double optical gating using 0.85 mJ, 8 fs laser pulses centered at
790 nm. At the optimized gas target location and pressure, the single extreme ultraviolet pulse energy is 6.5 nJ
for argon and 170 pJ for neon, which are much higher then those generated with conventional polarization
gating. In addition, the carrier-envelope phase effects with a 2� periodicity were attained when the highest
extreme ultraviolet photon flux was produced, indicating the robustness of the double optical gating.
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I. INTRODUCTION

Single isolated attosecond pulses are powerful tools for
studying electron dynamics in atoms, molecules, and solids
�1�. In recent years, such pulses have been produced by high-
order harmonic generation with few-cycle laser pulses �2–4�.
However, the low photon flux of such extreme ultraviolet
�xuv� pulses limited their applications, especially for study-
ing nonlinear physics. The photon flux of attosecond pulses
is determined by the pump laser energy and the conversion
efficiency of the generation scheme. The pulse energy of the
�5 fs, carrier-envelope �CE� phase controlled lasers used in
Refs. �3,4� was �0.4 mJ. When the pump laser is linearly
polarized, only the cutoff region of the high-order harmonic
spectrum is filtered out �3�, while all the photons in the broad
plateau are damped. In this case, the energy of the 170 as
pulses at center wavelength of 13 nm was 16 pj from a neon
gas target. Even shorter pulses �130 as� were generated by
the polarization gating �PG� technique �5�. Experimentally,
conventional PG pulses have been generated by combining
two counter-rotating circularly polarized laser pulses with a
proper delay �6–10�. Only the laser energy inside the polar-
ization gate contributes to the xuv generation while other
portions of the pump laser energy are wasted. The attosecond
pulse energy with such a scheme was �70 pJ at center wave-
length of 45 nm using argon and �3 pJ at center wavelength
of 25 nm using neon target gas �11�.

Recently, a double optical gating �DOG� technique that
combines the PG and two-color gating was demonstrated to
generate xuv supercontinua that can support single isolated
pulses �12–14�. The main advantage of this scheme is that
multi cycle pump lasers can be used. It is much easier to
develop high-energy long pulse pump lasers which are im-
portant for achieving high power attosecond pulses. Further-
more, the daily operation of such lasers is much simpler than
running the two-cycle lasers used previously for attosecond
pulse generation. For the same pump laser pulse duration, the
DOG is more efficient than conventional PG. This is due to
reduced depletion of the ground state population by the pulse
outside the gate �15�. Previously, 140 pJ per xuv pulse were
generated by DOG after an aluminum filter �900 pJ be-

fore��14�. For given pump laser parameters and target gas
pressure, the highest achievable photon flux of the high-order
harmonic pulses is determined by the balance between the
coherence length, absorption length, and the media length.
This has been studied extensively for long pulse driving la-
sers �16–18�.

So far, the most energetic xuv pulses were generated us-
ing 30 fs lasers. By loosely focusing the pump laser beam to
a long gas cell, 25 nJ per harmonic order at 13 nm from neon
gas were produced using 30 fs, 50 mJ lasers centered at
800 nm �19�. High-order harmonic generation with two-
color field has been extensive studied since the first demon-
stration �20–23�. The xuv pulses with 600 pJ energy centered
at 21.6 nm wavelength were obtained by a 30 fs two-color
pump laser from helium gas �24�. Recently, the two-color
gating has been used in the study of both attosecond pulse
train �25,26� and single attosecond pulses �27�. The added
second harmonic field in the DOG helps the phase-matching
process by suppressing the ionization caused by the leading
edge of the PG field.

For conventional harmonic generation, it is well known
that phase matching is affected by the location of the gas
target in the laser focus region and by the gas pressure. Al-
though the general phase-matching principle for high-order
harmonic generation is also valid for generating single iso-
lated attosecond pulses, special attention must be paid for the
latter. When the photon flux of attosecond pulses is opti-
mized, the experimental conditions should keep the correct
dependence of the harmonic spectra on the CE phase of the
excitation lasers. A small gas pressure-length product
�1 mbar�1 mm� was used in previous PG experiments to
preserve the CE phase dependence �5,11�, which is one of
the reasons for the low photon flux. In this work, we
searched the best target location and pressure to optimize the
photon flux of the xuv supercontinua generated by the DOG
scheme. At the same time, we wanted to find out whether the
unique dependence of the gated xuv spectrum on the CE
phase is kept at the best phase-matching conditions.

II. EXPERIMENT

Previous studies show that argon gas is the best target for
efficiently generating high-order harmonics in the 25–40 nm
range, while neon gas is better for generating harmonics up*chang@phys.ksu.edu
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to �13 nm. These two gases are also used in our studies. The
electric fields for DOG can be resolved into a driving com-
ponent and an orthogonally polarized gating field. The har-
monic pulse can only be generated in the one optical cycle
region where the gating field is much lower than the driving
field. Although DOG can be implemented with laser pulses
as long as 12 fs, we chose 8 fs to increase the field strength
ratio between the driving field inside the polarization gate to
that of the outside, in order to suppress the unwanted ioniza-
tion of the atom by the leading edge of the DOG fields. As
compared to conventional PG, the DOG works for a much
broader range of pump laser pulse durations. However, there
is a tradeoff between pulse duration and laser-to-xuv conver-
sion efficiency. The shorter the pulse duration is, the higher
the conversion efficiency due to the reduction of the deple-
tion of the ground state population. We chose 8 fs in this
work as a compromise between the xuv photon flux and the
pump laser difficulties.

The pump pulses originate in a grating-based chirped
pulse amplifier �28�. The laser produces 25 fs, 2.5 mJ pulses
centered at 800 nm at 1 kHz with a power stabilization feed-
back loop �29�. The CE phase stabilization of the oscillator
was accomplished by the self-referencing technique �30,31�.
The slow phase drift in the amplifier was compensated by
feedback control of the grating separation �32–34�. The out-
put beam was sent to a hollow-core fiber and chirped mirror
compressor. The gas pressure inside the fiber was adjusted to
obtain 8 fs pulse duration with energy of 0.85 mJ, full width
at half maximum centered at 790 nm �35�. For a given pump
pulse duration, the highest possible pump energy should be
used to produce more attosecond photon flux. Figure 1
shows a schematic of the experimental setup. The DOG of
collinear type was constructed by two birefringent quartz
plates and a barium borate �BBO� crystal similar to the setup
described in Ref. �14�. The first and second quartz plates
have thicknesses of 270 �m and 440 �m, respectively. The
first plate thickness sets the polarization gate width to 2.5 fs,
i.e., one optical cycle. The optical axis of the second quartz
plate and the BBO are aligned in the same direction as the
polarization of the beam from the fiber. They work together
to serve as a quarter wave plate and convert the two pulses
from the first quartz plate into a PG pulse. The BBO crystal
with thickness of 150 �m was placed inside a vacuum cham-
ber to generate the second harmonic �SH� field that is super-
imposed on the PG field for DOG. The estimated pulse du-
ration of the SH pulse is 20 fs with energy of 80 �J �36�. A
spherical mirror with focal length of 400 mm was used to
focus the laser beam on the gas cell filled with argon or neon
gases. The gas cell is a needle type with inner diameter of
1.4 mm and a laser drilled hole of �200 �m diameter. The

spot sizes of the IR and SH beams were 40 �m and 30 �m
at the focus position, yielding Rayleigh lengths correspond-
ing to 6.3 mm and 7.2 mm, respectively. The peak intensities
of the linear polarized portion of the IR and SH pulses at the
focus were 1.9�1015 W /cm2 and 1.7�1014 W /cm2, respec-
tively. The generated harmonics were sent to a transmittance
calibrated aluminum filter with thickness of 200 nm. The
photon flux was measured by an xuv photodiode �IRD Inc.,
AXUV-100�. The generated harmonics were measured by a
spectrometer with a toroidal grating �37�.

III. RESULT AND DISCUSSION

A. Dependence of interaction gas location

In order to properly phase match the harmonic spectra, we
first needed to find the best location of the gas cell within the
confocal range of the fundamental laser. It is well known that
the focusing geometry has a large influence on the phase
matching of harmonic generation through the Gouy phase
and atomic dipole phase shifts �38�. Figure 2�a� shows the
harmonic spectra while scanning argon gas �backing pressure
is �90 mbar� filled interaction cell through the laser focus.
The location of the cell in front of the beam focus corre-
sponds to the negative sign, and the positive sign is opposite
that. Clearly the harmonic signal shows a peak yield at a
certain location of 2.5 mm after the laser focus while main-
taining a continuous spectrum. Figure 2�b� shows the photon
flux of harmonics measured by the xuv photodiode located
after an aluminum filter. The filter was found to have a trans-
mittance of the harmonic orders of �10–25 % due to thin

FIG. 1. �Color online� Schematic of the double optical gating
setup.

FIG. 2. �Color online� Comparison of double optical gated har-
monic spectra at several locations within laser focus with argon
target gas. �a� The harmonic spectrum images. �b� The open circles
are pulse energy before aluminum filter.
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layers of aluminum oxide on both sides such as Ref. �39�.
This was used to obtain the photon flux before the aluminum
filter as shown in the figure. This best location was found at
2.5 mm after the laser focus, in agreement with the location
for the continuous spectrum in Fig. 2�a�.

Figure 3�a� shows the harmonic spectra when scanning
the location of the gas cell using neon gas �backing pressure
is �40 mbar�. The best phase matching condition for a su-
percontinuum spectrum is 3 mm after the focus. Due to the
increase in the ionization potential for neon, the plasma ef-
fects are much less as compared with that of argon gas. Fig-
ure 3�b� is the photon flux as a function of the location. The
photon flux also indicates the best location is 3 mm after the
focus. These results show that the optimum supercontinuum
spectrum is matched to the location of the maximum photon
flux.

B. Dependence of interaction gas pressure

Figure 4�a� shows the spectra for several values of the
argon target gas pressure. The gas cell was kept at a constant
location of 2.5 mm. As was expected, the pressure played a
large role in the harmonic yield as it contributes to both the
plasma density and the neutral atom response contributions
of the phase matching. Through increasing pressure, we
found optimal signal strength near 90 mbar in backing pres-
sure. Figure 4�b� shows the results of the estimated harmon-
ics photon flux as a function of the gas pressure. Again we
see the peak value occurs at �90 mbar. Under these optimal
phase matching conditions, the pulse energy �open circles�
was estimated at �6.5 nJ before the aluminum filter as mea-

sured with the xuv photodiode. The solid line shows the
absorption curve of residual gas between the cell and alumi-
num filter �length is 241 mm� inside the chamber calculated
by Ref. �40�, while the dashed line shows a curve corre-
sponding to absorption inside the cell. We calculated the co-

FIG. 3. �Color online� Comparison of double optical gated har-
monic spectra at several locations within laser focus with neon tar-
get gas. �a� The harmonic spectrum images. �b� The open squares
are pulse energy before aluminum filter.

FIG. 4. �Color online� Comparison of double optical gated har-
monic spectra at several pressures of argon target gas. �a� The har-
monic spectrum images. �b� The open circles are pulse energy be-
fore aluminum filter. The solid and dashed lines correspond to the
absorption by residual gas and plasma in the chamber and the target
cell, respectively. �c� The dependence of harmonic spectra with CE
phase in pressure range of 13 to 120 mbar of our backing pressure.
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herence length based on our experimental results using the
method described in Ref. �16� and also took into account the
absorption in the chamber. The estimated coherence length
was found to be ten times longer than the absorption length,
indicating the phase matching is nearly optimized. The effec-

tive gas pressure within the interaction region for this calcu-
lation was estimated from our backing pressure and vacuum
pump rate. This maximum energy corresponds to an esti-
mated photon number of 9�108 per pulse and a conversion
efficiency of 6�10−6. An interesting point can be noted here
however. If we consider only the linear portion within the
gate width as actually contributing to the harmonic genera-
tion �which is indeed the case�, the effective conversion ef-
ficiency can be as high as 4�10−5. The enhanced signal
strength of the DOG pulses is explained by the reduced
depletion of the target gas from the leading edge of the pulse.
We observed the effect of the CE phase on the harmonic
spectra under different target gas pressures as shown in Fig.
4�c�. The 2� periodicity provides evidence that the spectra
are harmonics of DOG pulses �13,14�. The increasing pres-
sure did not eliminate the DOG effect, thereby demonstrating
its robustness.

The optimal pressure of neon gas was found experimen-
tally as shown in Fig. 5�a�. The gas cell was ideally located
3 mm after the laser focus. The harmonic spectra are not
changed much by the gas pressure scan similar to the results
of argon. However, as shown in Fig. 5�b�, the pulse energy
�open squares� sharply decays at pressures higher than
40 mbar. The major contribution of this is strong absorption
by the neon gas as shown with the solid and dashed lines
corresponding to absorption from the chamber and the gas
cell, respectively. The estimated coherence length is 1.5
times longer than the absorption length. The photon flux
achieved at least 170 pJ pulse energy before the aluminum
filter corresponding to 2�107 photons per pulse and a con-
version efficiency 2�10−7. The effective efficiency consid-
ering only the polarization gate width contribution is 1
�10−6. Finally, we observed the spectra performing a CE
phase scan. The distributions of the harmonics have 2� pe-
riodicity at each pressure value. From these results, the su-
percontinuum spectra are not influenced strongly by the pres-
sure issue.

IV. CONCLUSION

We optimized the photon flux of the xuv supercontinua
that can support single isolated attosecond pulses. The DOG
harmonic signal was investigated by studying the location of
the interaction region and the target gas pressure dependence
using 0.85 mJ, 8 fs pump laser pulses. The maximum pulse
energy achieved using argon and neon gas were 6.5 nJ and
170 pJ before the aluminum filter, respectively. The flux can
be further improved by more than a factor of 2 by improving
the vacuum of the target chamber. From the intense pump
laser pulses with DOG, the isolated attosecond pulse ener-
gies are much higher than other reported values �3,11�. In
addition, the CE phase effects with every 2� periodicity
were observed under the best phase-matched conditions, in-
dicating the robustness of the DOG.
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FIG. 5. �Color online� Comparison of double optical gated har-
monic spectra with several pressures of neon gas. �a� The harmonic
spectrum images. �b� The open squares are pulse energy before
aluminum filter. The solid and dashed lines correspond to the ab-
sorption by residual gas and plasma in the chamber and the target
cell, respectively. �c� The dependence of harmonic spectra with CE
phase in pressure range of 13 to 67 mbar.
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