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We demonstrated a novel optical switch to control the high-order harmonic generation process so that
single attosecond pulses can be generated with multiple-cycle pulses. The technique combines two
powerful optical gating methods: polarization gating and two-color gating. An extreme ultraviolet
supercontinuum supporting 130 as was generated with neon gas using 9 fs laser pulses. We discovered
a unique dependence of the harmonic spectra on the carrier-envelope phase of the laser fields, which
repeats every 2� radians.
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Single isolated attosecond pulses are powerful tools for
studying electron dynamics in atoms [1]. Such pulses, as
short as 130 as, have been generated by the polarization
gating (PG) technique [2]. The duration of the laser pulses
that form the PG pulses is 5 fs, corresponding to two
optical cycles. Although high power 5 fs lasers centered
at �750 nm have been developed for many years [3], it is
still a technical challenge to reproduce daily such pulses.
Since the first demonstration of generating such attosecond
pulses in 2001 [4], very few laboratories have access to
such unique light sources.

Experimentally, the PG pulses have been generated by
combining two counter-rotating circularly polarized laser
pulses with a proper delay [5–9]. The depletion of the
ground state population of the atom by the leading edge of
the laser pulse sets the upper limit on the driving pulse’s
duration [10]. In this Letter, we suggest adding a weak
second harmonic field to the PG field in order to reduce the
depletion so that single attosecond pulses can be generated
with multiple-cycle laser pulses. This approach is dubbed
double optical gating (DOG).

The laser field with a time-dependent ellipticity for PG
can be resolved into a driving field and a gating field.
Figure 1 shows the driving field components for (a) PG
and (b) DOG. When the amplitude of the second harmonic
field is high enough, the spacing between adjacent atto-
second pulses becomes one full optical cycle, as depicted
in Fig. 1(b) as compared to the half-cycle spacing in PG as
in Fig. 1(a) [11–13]. As a result, for double optical gating,
the width of the polarization gate can be close to 1 funda-
mental wave cycle to allow the emission of a single atto-
second pulse, which is a factor of 2 larger than what is
required by conventional PG. These gate widths were used
in Fig. 1(c) to show the ionization probability of an argon
atom in the PG and DOG fields as a function of the input
pulse duration. The intensity is 2:8� 1014 W=cm2. The
ADK ionization rate was used for the calculation [14].
Obviously the wide gate corresponding to DOG signifi-

cantly reduces the depletion of the ground state population.
As a result, the longest pulses one can use for generating
single attosecond pulses with DOG are 12 fs, which is
almost a factor of 2 larger than those applicable to the
conventional PG (�6:5 fs).

The DOG was demonstrated with a carrier-envelope
phase stabilized chirped pulse amplifier (CPA) followed
by a hollow-core fiber compressor [15,16]. The CPA laser
produces 25 fs, 2.5 mJ pulses centered at 790 nm at 1 kHz.
The CE phase stabilization of the oscillator was accom-
plished by the self-referencing technique [17,18]. The slow
drift from the amplifier was compensated by feedback
control of the grating separation [19,20]. The output
beam from the hollow-core fiber and chirped mirrors was
incident onto a nonlinear crystal for the second harmonic
generation. We used a barium borate (BBO) crystal with a
thickness of 250 �m.

The double gating laser field was synthesized in a Mach-
Zehnder interferometer. The second harmonic and funda-
mental beams were separated by a dichroic beam splitter.
The fundamental arm was equipped with a PZT delay stage
to control the relative delay between the two arms. The
same PZT was also used to stabilize the relative delay by
using a cw laser beam propagating inside the interferome-
ter as feedback. The PG pulse was produced by a birefrin-
gent quartz plate (0.4 mm) and an achromatic quarter-wave
plate (2 mm). These conditions yielded a calculated polar-
ization gate width of �2 fs. The SH and the PG field were
combined by another beam splitter. After the interferome-
ter, we measured the pulse duration of the fundamental
pulse using the frequency resolved optical gating to be
9.1 fs and nearly transform limited.

The DOG laser beams were focused by a spherical
mirror (f � 400 mm) to a gas filled interaction cell with
pressure of 10 torr and length 1.4 mm. The gas target was
placed approximately 1.5 mm behind the laser focus but
within the Rayleigh ranges of 3.5 mm for the fundamental
pulse and 1.75 mm for the second harmonic pulse. In front
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of the cell, the energies of the fundamental and second
harmonic pulses were 150 and 30 �J, respectively. The
estimated effective intensities inside the gate were 2:8�
1014 W=cm2 and 7� 1013 W=cm2, respectively. The gen-
erated harmonics were measured with a grating
spectrometer.

The laser field can be expressed as the combination of
two perpendicularly polarized fields ~E�t� � Edrive�t�î�
Egate�t�ĵ. The driving field is

 

Edrive�t� � E0��e�2 ln2��t�Td=2�2=�2
!	

� e�2 ln2��t�Td=2�2=�2
!	� cos�!0t� ’CE�

� ae�2 ln2�t2=�2
2!� cos�2!0t� 2’CE ��!;2!�	

(1)

and the gating field is

 Egate�t��E0�e
�2ln2��t�Td=2�T0=4�2=�2

!	

�e�2ln2��t�Td=2�T0=4�2=�2
!	�sin�!0t�’CE�; (2)

where E0 is the amplitude of the circularly polarized
fundamental laser field with carrier frequency !0 (period
T0), pulse duration �!, and CE phase ’CE. Td is the time
delay between the two circular pulses. The delay, T0=4,
between the gating and the driving fields is introduced by
the quarter-wave plate. �!;2! is the relative phase between
the fundamental and second harmonic pulses. The duration
of the SH pulse is �2!. Finally, a represents the strength of
the second harmonic field relative to the fundamental field.

Figure 2(a) shows harmonic spectra of argon for one-
color (linearly polarized fundamental field only, Td � 0,
a � 0), two-color (a second harmonic field added to a
fundamental field polarized in the same direction, Td �
0), conventional PG (a � 0), and DOG fields. Notice that

FIG. 2 (color). Comparison of harmonic spectra and pulses.
(a) The harmonic spectrum images obtained by various gating
methods. The lineout plots in (b) compare the spectral profile
and intensity obtained from DOG (blue line) with those from PG
for delays of 12 fs (red line) and 15 fs (green line). The results
from numerical simulations are shown in (c). (d) Shows the
Fourier transform for the DOG and (e) shows the Fourier trans-
forms for the PG and two-color spectra. These were done
assuming flat phase.

FIG. 1 (color). The driving filed components for PG corre-
spond to (a) without and (b) with the second harmonic field,
respectively. The driving field is shown as the red line. The two
vertical lines represent the gate width. Here, the filled curves are
the attosecond pulses emitted when the driving fields alone are
applied. The background color shows the strength of the PG. In
figure (c) the ionization probability of an argon atom in the field
of PG pulses is compared with that in the field of DOG. The
longest pulses that can be used are those at which the probability
reaches one.
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the spectra on the long wavelength side are clipped by the
detector. As expected, only odd order harmonics are gen-
erated by the 9 fs one-color field, whereas even harmonics
appeared with the two-color laser. The harmonic peaks
broadened due to PG, whereas the peaks merged to a
supercontinuum as a result of the DOG. Since both the
CE phase and the relative phase between the two colors
were stabilized, we can rule out the possibility that the
supercontinnum was caused by accumulation of many
peak-shifted spectra. This is key evidence that the DOG
produces a supercontinuum spectrum.

The spectral profiles of the PG spectra with two different
delays, Td, between the two circularly polarized pulses are
shown in Fig. 2(b); also shown are the DOG spectra. The
red and blue lines are for 12 fs delay while the green line is
for Td � 15 fs. The simulated spectra are shown in
Fig. 2(c) for comparison. The simulation method is similar
to that described in references [9,10], which took into
account the phase-matching effects. Although a supercon-
tinuum can be obtained by conventional PG with a 15 fs
delay, the spectrum signal for the DOG is 23 times higher
indicating much stronger isolated attosecond pulses can be
generated. Because of the added SH field, the effective
intensity of the linearly polarized part is stronger than
conventional gating. This fact, coupled with the reduction
in the ground state depletion as mentioned earlier in
Fig. 1(c), gives rise to the large enhancement. Figure 2(d)
and 2(e) show the temporal components derived from
Fourier transforms of the spectra assuming flat phase.
The most important concept to note is the reduction of
pre or post pulse in the temporal domain with DOG prov-
ing that this technique produces isolated single attosecond
pulses. The pre or post pulses set the lower limit for the
intensity of the probe pulses in many pump-probe atto-
second application experiments. When the strength of the
satellite pulses is comparable to the probe pulse, the inter-
ference between them can produce misleading structures
when the signal is plotted versus the time delay, which
makes the data analysis difficult.

The dependence of the high harmonic spectrum and
intensity on the CE phase of the DOG laser was investi-
gated. The CE phase was varied by controlling the effective
grating separation in the laser system [21]. The harmonic
spectra are shown in Fig. 3(a) and were measured simul-
taneously with the CE phase measurement. As the f-2f
interferometer that measures our relative CE phase does
not give the absolute value of the phase, the results were
shifted so that the maximum intensity is located at 0. The
intensity of the normalized spectrally integrated signal
repeats with a period of 2�, as shown in Fig. 3(b). This
is consistent with the predictions from the numerical simu-
lations, also shown for comparison. The multiple small
peaks in the measured results are due to laser energy
fluctuations. This is different from that of the conventional
PG, which has a period of ’ � � [22]. This 2� periodic
dependence of the harmonic spectra on the CE phase

provides another evidence that the observed supercontin-
uum is from DOG.

The mechanism of the 2� periodicity can be explained
by the three-step model of high harmonic generation [23].
The CE phase ’CE are present in both carrier terms of the
driving field in Eq. (1) and the gating field in Eq. (2). The
driving field within the polarization gate is depicted in
Fig. 3(c). It can be seen that the laser field moves in the
gate while the shape of the waveform is unchanged when
the CE phase varies. The semiclassic model predicts that
the attosecond pulse is emitted near the negative to positive
zero crossing in such an asymmetric field. When the cross-
ing is near the center of the gate while the gating power is
the weakest (’CE � 0 to �=2), a strong single attosecond
pulses is produced. In the spectral domain, it corresponds
to an intense supercontinuum. The other emissions are
suppressed since they are outside of the gate where the
ellipticity is high. For (’CE � � to 3�=2), two recollisons
are possible. However, they occur near the edges of the
gate, and are almost suppressed, which corresponds to a
dip in the plot. Since the driving field in the gate repeats
when the CE phase changes from 0 to 2�, so does the
attosecond emission process. In conventional PG, the sym-
metry of the laser field and the atoms leads to the same
harmonic spectrum for ’CE � 0 and �, thus the �
periodicity.

The split of the continuum into two peaks in Fig. 3(a)
represents the evolution from a single electron recollision
into two. There is also a spectral peak shift as the CE phase
changes, indicated by the slanted dashed lines. This is

FIG. 3 (color). The CE phase dependence on the DOG spectra.
(a) shows the intensity plot of the harmonic spectrum as the CE
phase was scanned through 2�. The normalized integrated signal
is shown as the red line in (b). The blue line corresponds to the
theoretical predictions. (c) shows the semiclassical predictions of
the waveform within the gate width when the CE phase is
scanned. The color indicates the strength of the ellipticity.
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caused by the driving field amplitude variations within the
gate width. The phases accumulated by the electrons in the
returning trajectories corresponding to the two attosecond
emissions are different because of the different fields they
experience. The interference pattern in the spectral domain
is sensitive to the phase difference just like in the classic
Young’s two-slit experiments. Since the CE phase deter-
mines the number of the electron recollsions and phase of
the returning electron wave, it affects the spectral profile.
The dramatic variation of the high harmonic spectra as a
function of CE phase could lead to yet another method to
determine the absolute CE phase with a window of 2�. So
far, only � periodicity has been observed in previously
reported high harmonic generation studies [2,24]. The
well-established phase meter based on measuring above
threshold ionization electrons works well for few-cycle
pulses, not for �10 fs pulses [25].

Finally, we observed harmonics from neon gas using a
collinear setup for the DOG. The configuration is similar to
that for the conventional PG except the last quarter wave
plate now consists of a quartz plate and a BBO crystal
combination. The details of the setup will be reported
elsewhere. The backing pressure is 20 torr, Figs. 4(a) and
4(b) show the harmonic spectra and the line profile, re-
spectively. The main feature of the spectrum is the cutoff
and plateau regions combine to form a smooth distribution
covering more than 20 nm. The signal below 20 nm was
truncated by the detector. Figure 4(c) shows that the
Fourier transform-limited pulse has a marked reduction
of the pre or post pulses and the spectrum is capable of
supporting a 130 as duration. Oishi et al. demonstrated

high harmonic generation by a two-color gating with�9 fs
input pulses [26]. These results however only support
structureless continua in the cutoff region (�3 nm, from
24 to 27 nm) leaving the plateau range with modulations in
contrast to DOG.

In conclusion, we demonstrated an important step to-
wards generating single isolated pulses using multiple-
cycle driving lasers. By implementing the DOG technique,
an extreme ultraviolet supercontinuum capable of support-
ing 130 as pulses was generated. The dependence of the
harmonic spectra on the CE phase with 2� periodicity was
discovered for the first time, which may lead to a new CE
phasemeter with a large window suitable for long laser
pulses. Because of the relaxation on the pump laser re-
quirements, the DOG allows more researchers to enter the
playground of attosecond science.
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FIG. 4 (color). Results of harmonics generated with a neon
target. (a) and (b) show the harmonic spectra and the line profile,
respectively. (c) The temporal component derived from the
Fourier transform assuming flat phase.
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