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Single isolated attosecond pulses can be extracted from a pulse train with an ultrafast gate in the

generation target. By setting the gate width sufficiently narrow with the generalized double optical gating,

we demonstrate that single isolated attosecond pulses can be generated with any arbitrary carrier-envelope

phase value of the driving laser. The carrier-envelope phase only affects the photon flux, not the pulse

duration or contrast. Our results show that isolated attosecond pulses can be generated using carrier-

envelope phase unstabilized 23 fs pulses directly from chirped pulse amplifiers.
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Since single attosecond pulses were first demonstrated,
great advances have been made in reducing the pulse
duration [1] and applying the pulses to various experiments
with atoms, molecules, and solids [2]. It is still a technical
challenge to generate such pulses, however, and as a con-
sequence very few labs have been able to probe attosecond
dynamics. The main limitations have been the require-
ments on the input pulse duration and the stability of the
carrier-envelope (CE) phase of the generating laser. The
attosecond pulse generation methods of amplitude gating
[3] and polarization gating [4] both require few cycle laser
pulses ideally <5 fs in duration. Additionally, locking the
CE phase of a few mJ laser system is nontrivial. These two
requirements are beyond the capabilities of many labs.
Furthermore, to scale up the photon flux, one wishes to
use pettawatt (PW) class lasers. However, due to large
power fluctuations and low repetition rate, locking the
CE phase of such ultrahigh power lasers has not been
demonstrated.

Recently, the method of double optical gating (DOG)
was demonstrated to be capable of generating attosecond
pulses from multicycle lasers [5]. Consequently, the pos-
sibility for generating attosecond pulses became more
feasible. Later, the generalized version of DOG (GDOG)
was demonstrated for generating attosecond pulses directly
from chirped pulse amplifiers [6]. This allows any laser
system capable of 28 fs pulse duration or less the oppor-
tunity to generate isolated attosecond pulses.

The other requirement, which is CE phase stability, has
still remained a problem, however. All of the current atto-
second pulse generation schemes rely on gating a single
attosecond pulse from a pulse train by effectively reducing
the generation laser to pulse durations on the order of the
attosecond pulse train period. Since CE phase fluctuations
play a large role in the attosecond pulse number per shot
[5], locking the CE phase to a known offset value is critical
to the quality of pulses produced. In previous experiments,
the ‘‘gate width.’’ or region of the generating laser that
produces the attosecond burst of photons, was set to be

equal to the attosecond pulse train period. For amplitude
gating and polarization gating, this is half of an optical
cycle of the fundamental laser period, and for DOG and
GDOG this is one optical cycle. Once the gate width is set,
the CE phase is locked so that the most efficient pulse with
the smoothest spectrum is generated. For other phase val-
ues, two attosecond pulses per shot can be generated. In
this work, we demonstrate that only one isolated attosec-
ond pulse can be produced if the gate width is sufficiently
narrow, no matter what the CE phase values are.
Experimentally the GDOG field, produced with birefrin-

gent optics [6], consists of two counterrotating laser pulses
with some amount of delay Td between them. This gen-
erates a pulse with a time varying ellipticity with a short
linearly polarized portion in the center known as the po-
larization gate width [7]. The attosecond pulse generation
process [8] can only efficiently occur inside the gate. To the
ellipticity varying pulse, a weak second harmonic field is
superimposed to break the symmetry of the linear gate
width, thereby increasing the separation of the attosecond
pulse train from half of a laser optical cycle to one cycle.
The gate width is expressed by the following equation [6]:

�tG � 0:3
"�2p
Td

: (1)

Here, �p is the pulse duration of the generating laser, Td is

the delay between the two initial counterrotating pulses,
and " is the ellipticity of the counterrotating pulses. For
GDOG, " is typically 0.5.
In our previous GDOG work, the gate width was set

equal to one optical cycle, or �2:5 fs. This is the upper
limit for generating isolated attosecond pulses with a
proper CE phase. The gate width can be further reduced
by tuning any of the parameters in the equation so that it is
much less than one optical cycle. Figures 1(a) and 1(b)
show the electric field of the driving laser with two values
of the CE phase within the gate. The color gradient in-
dicates the ellipticity of the generating laser pulse with
white being the most linear. Here, the gate width was
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chosen to be �1 fs (about half of a laser cycle) and is
where the attosecond pulse is produced via the three-step
model [9]. In 1(a), the electron is born during a strongly
linearly polarized field but recombines in a field that is
increasingly elliptical. This reduces the recombination
probability. In 1(b), the electron spends all of its excursion
time away from the nuclear core in a mainly linearly
polarized field meaning the attosecond photon flux should
be maximized. In both cases, since the gate width is much
smaller than the spacing between two possible adjacent
attosecond pulses, it is not possible to generate two atto-
second pulses per laser shot.

Figure 1(c) shows the experimental evidence for this
effect. For this portion of the experiment, a 9 fs laser pulse
was produced by 2 mJ, 25 fs pulses from the Kansas Light
Source passing through a Ne filled hollow-core fiber and
chirped mirrors compressor. The laser power fluctuation

was recorded as being less than 1%. This beam then passed
through the GDOG optics [6] consisting of a 530 �m
quartz plate (5 cycle delay Td), a 0.5 mm Brewster window,
and a 440 �m quartz plate and 141 �m barium borate
crystal (BBO), and was focused by an f ¼ 375 mm focal
length spherical mirror into a 1.4 mm long Ar gas filled
target. The gate width for these parameters was calculated
to be �1:4 fs.
The attosecond extreme ultraviolet (XUV) beam then

propagated to the central mirror of a two component
mirror, which is aMo=Si spherical mirror with focal length
f ¼ 250 mm. The beam was then focused to a second
50 �m diameter gas jet filled with Kr gas. This converted
the photon burst into a replica photoelectron burst which
was then detected by a position-sensitive time of flight
(TOF) detector. The energy resolution of the TOF was
�400 meV in this energy range [10], which is much
smaller than the photon energy of the driving laser
(1.5 eV). Details of the setup are given in Ref. [8].
The intensity plot in Fig. 1(c) shows the energy spectrum

of the burst of photoelectrons liberated by an attosecond
burst of XUV photons as a function of the CE phase of the
input generating laser. The CE phase was continuously
shifted from 0 to 2� by shifting the gratings in our stretcher
[11] through feedback control of a fringe pattern generated
in an f-to-2f interferometer while the relative CE phase
values were monitored and recorded. Typically, the CE
phase stability is better than 250 mrad after the hollow-
core fiber [12]. Two features of the spectrogram are ob-
vious. First, the spectrum is a continuum for all CE phase
values, which satisfies the necessary condition for generat-
ing isolated attosecond pulses. Second, the intensity of the
spectrum strongly depends on the CE phase, which is
expected for such a narrow gate width.
The plot in Fig. 1(c) shows the signal of the CE phase

integrated along the energy spectrum. The modulation
depth is an indication of the width of the linear polariza-
tion. For narrower gate widths, the modulation depth would
become even stronger, while for wider gate widths the
modulation would become shallower, and eventually the
energy spectrum would exhibit modulations indicative of
multiple pulses within the gate width [6].
Spectral measurements alone, of course, cannot fully

characterize the attosecond pulse temporal profile. In order
to accomplish this, we used the attosecond streaking tech-
nique [1,13]. In fact, Fig. 1(c) was obtained with the
generation arm of an interferometric streak camera. A
linearly polarized near-infrared (NIR) laser was sent to
the streaking arm for the temporal measurement of the
XUV pulse. After the interferometer, the two beams propa-
gated collinearly to the two components mirror. The NIR
photons reflected from the outer spherical silver mirror.
The two beams were overlapped at the second gas jet so
that the attosecond XUV burst generated photoelectrons
and the NIR pulse gave a momentum shift to the freed
electrons. The inner mirror of the two component mirror
system was mounted on a piezoelectric transducer stage so

FIG. 1 (color online). The effect of a narrow gate width
(�1 fs) on the generated attosecond pulse. In (a), the CE phase
of the NIR laser means the freed electron recombines in a field of
high ellipticity, severely limiting its recombination probability.
In (b), the CE phase is more favorable for high attosecond pulse
emission since the electron experiences a linear field for its full
lifetime. The color gradient represents the ellipticity of the field
with the darker being the most elliptical and white the most
linear. The experimental evidence for this effect is shown in (c).
The upper figure shows the energy spectrum as a function of the
CE phase of the NIR laser while the lower plot shows the total
signal integrated along the energy axis. The 2� periodic struc-
ture is the effects of the two-color gating in GDOG. (d) A
streaked spectrogram when the CE phase is unlocked. (e) The
temporal profile (solid line) and phase (dashed line) for the pulse
shown in (d).
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that temporal delay could be introduced between the NIR
and XUV pulses. The spectrum of emitted photoelectrons
was then recorded as a function of the delay between the
two beams with the position-sensitive TOF.

The photoelectron detector of the streak camera is ori-
ented horizontally and is parallel to the input laser polar-
ization. To ensure the polarization of the linearly polarized
portion of the ellipticity varying pulse is also parallel to the
TOF detector axis, the plates of GDOG must be chosen
correctly. The first plate is a full-wave plate which ensures
that the portion of the field that generates the attosecond
flux later is parallel to the detector axis. The second quartz
plate and BBO crystal have their optical axes in the plane
containing the TOF axis. This ensures the linear part of the
GDOG pulse is aligned along the TOF axis as well. Also,
due to the large acceptance angle of the detector (�14� at
45 eV), even photoelectrons that could be generated from
the edges of the polarization gate where the field ellipticity
is 0.2 are still collected since the angle between the laser
field and TOF axis is �11:3�.

Figure 1(d) shows a streaked spectrogram for a pulse
when the CE phase is unlocked. This image exhibits
an extra NIR laser cycle as would be expected when the
CE phase is locked since the envelope can shift over one
full optical cycle. The carrier of the laser field is not
smeared out since the attosecond pulse is temporally
locked to the driving laser oscillation. The temporal profile
as reconstructed from the frequency resolved optical gating
for the complete reconstruction of attosecond bursts
(FROGCRAB) method [14] is shown as the solid line in
Fig. 1(e) while the temporal phase is shown as the dashed
line. The pulse duration was found to be �182 as.

The reconstruction of the attosecond pulse using CE
phase unlocked lasers assumed that the temporal profile
and phase of the attosecond pulse does not change CE
phase. To make sure this is true, streaked spectrograms
for four different values of the CE phase on the input laser
were taken, as Fig. 2 shows. The CE phase was locked to
�200 mrad through feedback control of the grating sepa-
ration in the stretcher of the amplifier for 15 min intervals
(�20 s per delay slice) while the streaked spectrogram was
generated. All the figures are normalized to the counts of
Fig. 2(c). The differences in count rates are attributed to the
different values of the CE phase and hence the different
fluxes of the attosecond pulse emission. This is the same as
locking the CE phase at various slices from Fig. 1(c) and
then taking a full streaked spectrogram at each. Figure 3(a)
shows the spectrum for each value of the CE phase.
Figures 3(b) and 3(c) show the temporal profiles (solid
lines) and phases (dashed lines) for the spectrograms in
Fig. 2 as reconstructed with FROGCRAB method. The
profiles were separated into two figures for clarity.
Finally, each streaked spectrogram was Fourier filtered to
extract the oscillating NIR field. Figure 3(d) shows the
results. In this case the CE phase of the 9 fs laser pulse
can be easily seen with (for example) Figs. 2(a) and 2(c)
showing a � shift. One should keep in mind that the CE

phase of the generating pulse is locked to the streaking
pulse as the CE phase was stabilized and varied upstream.
Their absolute values are different, though, because the
dispersion is not the same in the two paths.
The peak number of counts of each spectrogram was

sufficient for reconstruction [15]. This allowed the accurate
reconstruction for each with the pulse durations being

FIG. 2 (color online). Streaked photoelectron spectrograms for
four different values of the CE phase. (a)�0 rad, (b) ��=2 rad,
(c) �� rad, and (d) �3�=2 rad. The images are normalized to
the peak counts of (c).

FIG. 3 (color online). (a) The photoelectron energy spectrum
for each of the streaked spectrograms of Fig. 2. (b) The temporal
profiles (solid lines) and phases (dashed lines) for the spectro-
grams with phase 0 (black line) and � [gray (red) line]. (c) The
temporal profiles and phases for the spectrograms with phase
�=2 (black line) and 3�=2 [gray (red) line]. Each line corre-
sponds to the spectra from (a). Panel (d) shows the extracted
electric fields of each of the spectrograms from Fig. 2.
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�180 as for each. The results have less than 5% error
between each case, implying that the CE phase does not
need to be stabilized to generate the same attosecond pulse
provided the gate width is narrow enough. The ratio be-
tween the main pulse and the pre- or postpulses is �10�5

for the four cases.
Next, attosecond pulses were produced from 23 fs laser

pulses directly from the amplifier [6]. The GDOG optics
were identical to the short pulse case with the exception
that the first quartz plate was 1950 �m thick correspond-
ing to 22 cycles of delay and yielding a �2 fs gate width.
Figures 4(a) and 4(b) show streaked spectrograms for two
different values of the CE phase. Again, the count rate is
reduced between the two cases. Figure 4(c) shows the
temporal profiles (solid lines) and phases (dashed lines)
for the two cases. Both have near identical durations of
�190 as and phase shapes. The inset in Fig. 4(c) shows the
energy spectrum for the two phases. The signal ratio be-
tween the two cases is not as extreme as the short pulse
case. This can be explained by the gate width being slightly
wider than the short pulse case. The NIR laser pulse from
the Fourier filtering of the streaked spectrograms is indi-
cated in Fig. 4(d). This is in excellent agreement with the
CE phase unlocked reconstruction of 190 as.

In conclusion, we have demonstrated that isolated atto-
second pulses can be generated from lasers with unstabi-
lized CE phase using the GDOG method. If the gate width
is sufficiently narrow, the attosecond pulses produced at
different CE phase values are always identical to each other
except for the photon flux. This is true for both 9 and 23 fs
lasers. The 23 fs NIR pulses were produced directly from a
chirped pulse amplifier. Interestingly, applying the same
idea to gating schemes that use the fundamental laser field

only will not work well. In that case, the attosecond pulse
spacing is half of a laser cycle. One may think of reducing
the gate width to a quarter of the laser cycle to accomplish
the same as what the GDOG does; however, that is too
short because it takes one half laser cycle for the electron to
return to the parent ion.
The ability to generate isolated attosecond pulses with-

out the need to lock the CE phase opens the door for the
generation of high flux attosecond pulses with PW class
lasers that do not have the ability to stabilize the CE phase
[16], which is crucial for investigating attosecond non-
linear processes. Because of the energy, beam size, and
repetition rate differences between PW and mJ lasers,
implementing the GDOG technique using such large scale
lasers may not be straightforward, with many details yet to
be worked out. To achieve the same NIR intensity on the
target as in the current work so that the same ionization
probability and coherence length are maintained, the laser
spot size must be much larger when PW lasers are used.
The up-scaling of the attosecond pulse energy comes from
the scaling of the transverse spot size with the laser energy.
Since the PW laser pulse duration is longer than 20 fs, the
ionization probability is high even with GDOG. Quasi-
phase matching techniques have been demonstrated to
improve the conversion efficiency of high harmonic gen-
eration in highly ionized gases [17,18]. Some of these
schemes, such as modulating the gas density, can be com-
bined with GDOG for further enhancements of the photon
flux. It could be easier to configure the gas modulation
density distribution in the propagation direction in the PW
case because of the long Rayleigh range.
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FIG. 4 (color online). (a),(b) Streaked spectrograms of atto-
second pulses produced directly from an amplifier with an ap-
proximately � shift between them. Panel (c) shows the temporal
profiles of (a) and (b) while the inset shows the energy spectrum
of (a) [gray (red) line] and (b) (black line). The electric fields
extracted from (a) and (b) through Fourier filtering is shown
in (d) for the phase of 0 gray (red) line] and � (black line).

PRL 105, 093902 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

27 AUGUST 2010

093902-4

http://dx.doi.org/10.1126/science.1157846
http://dx.doi.org/10.1088/0953-4075/39/1/R01
http://dx.doi.org/10.1038/nature01414
http://dx.doi.org/10.1126/science.1132838
http://dx.doi.org/10.1103/PhysRevLett.100.103906
http://dx.doi.org/10.1103/PhysRevLett.103.183901
http://dx.doi.org/10.1364/OL.19.001870
http://dx.doi.org/10.1364/OL.19.001870
http://dx.doi.org/10.1103/PhysRevA.69.021404
http://dx.doi.org/10.1103/PhysRevA.69.021404
http://dx.doi.org/10.1103/PhysRevLett.71.1994
http://dx.doi.org/10.1364/OE.18.001316
http://dx.doi.org/10.1364/AO.45.008350
http://dx.doi.org/10.1063/1.2724919
http://dx.doi.org/10.1103/PhysRevLett.88.173903
http://dx.doi.org/10.1103/PhysRevA.71.011401
http://dx.doi.org/10.1103/PhysRevA.71.011401
http://dx.doi.org/10.1088/0953-4075/42/13/134007
http://dx.doi.org/10.1364/OE.16.002109
http://dx.doi.org/10.1038/nphys541
http://dx.doi.org/10.1038/nphys775

