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Ultrashort laser pulses can serve as fast probes to record instant events. The isolated attosecond pulses
(IAPs) generated from high-order harmonic generation (HHG) have been shortened down to about 2
atomic units in time, empowering us to study quantum behaviors of electrons in atoms, molecules, and
solids with unprecedented time resolution. Following the cutoff energy law of HHG, the shortest IAP
reported so far is driven with short-wavelength infrared (SWIR) pulses, which require additional broadband
frequency conversion techniques and raise the bar for attosecond researches. Here, we show that with few-
cycle near-infrared (NIR) laser pulses, IAP with pulse duration of 51 + 4 as is generated during 1-fs linear
polarization gate formed by generalized double optical gating (GDOG) technique. The characterization is
done with attosecond streak camera, and phase reconstruction is performed with quick phase retrieval by
omega oscillation filtering (qQPROOF). Furthermore, we show that the IAP generation favors certain carrier
envelope phases (CEPs) in the narrow gate, i.e., IAP is only efficiently produced for certain CEPs, which
eliminates the requirement of CEP stabilization. The demonstrated scheme for IAP generation in principle
has much higher conversion efficiency than the long-wave driver scheme according to the wavelength
scaling law of HHG. Our work suggests an alternative way to generate ultrashort IAPs by applying GDOG
on few-cycle free-CEP NIR driving pulses, and is thereby of great importance to facilitate the development
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of attosecond science and technology.

Introduction

Pulsed light, like a flash, exposes the darkness for a fleeting
instant, allowing us to record fast repeatable processes frame
by frame with pump-probe technique [1,2], with tiny time
interval determined by the pulse duration. Laser pulses with
duration as short as tens to hundreds of attoseconds [3-6] have
been proven to be revolutionary probes to measure the previ-
ously believed immeasurable quantum dynamics inside atomic
and molecular systems, such as real-time valance electron
motion [7,8], the timing of photoemission [9], electronic cor-
relations [10], charge migration [11,12], and so on. However,
current applications of isolated attosecond pulse (IAP), i.e.,
attosecond transient absorption spectroscopy [7,13-15], atto-
second beating by interference of 2-photon transitions [16,17],
and attosecond streak camera [18,19], usually rely on another
light-field-synchronized femtosecond pulse, since it is yet not
easy to perform direct attosecond pump-attosecond probe
experiments. Therefore, improving the IAP photon flux to
enable the absorption of 2 or more IAP photons and shorten-
ing the IAP pulse duration to ensure high temporal resolution
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based on pulse envelope are of critical importance to further
unleash the power of IAP on the measurements of ultrafast
electron dynamics.

According to the time-energy uncertainty principle, syn-
thesizing of ultrashort IAP would need photons with energy
spread of more than tens of electron volts [3,20]. This can be
realized via high-order harmonic generation (HHG) [21-23]
whose cutoft energy is determined by the ponderomotive

energy U,asU, < I} Ai. Therefore, the route to produce ultra-

short IAP with broadband spectrum, at first sight of the cutoff
energy law, is to employ long wavelength pulses due to the
quadratic dependence. Indeed, the shortest [APs with duration
of 43 as [24] and 53 as [25], with cutoff photon energy up to
170 and 330 eV, respectively, are both driven by short-wavelength
infrared (SWIR) pulses centered at 1.8 pm. The strategy of
adopting longer wavelength driving pulses, leaving aside the
additional effort and cost to build SWIR lasers [26,27], is, how-
ever, undesirable in the sense of improving the IAP flux, since
the conversion efliciency drops dramatically as central wave-
length increases [28,29]. Furthermore, although much higher
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cutoff energy and even shorter IAPs are expected, SWIR pulses
are not necessarily needed for the generation of state-of-the-art
near-50-as IAPs from the point of view of enough spectral
bandwidth. Broadband extreme ultraviolet (XUV)/soft x-ray
spectra supporting Fourier transform (FT) limited pulses with
duration of 40 as [30], 32 as [31], 20 as [32], and even 16 as
[33] are experimentally demonstrated, of which the mecha-
nism can be understood by revisiting the cutoff energy law at
second sight, i.e., increasing the laser intensity instead of cen-
tral wavelength. Although the pulse energy can be increased
up to tens to thousands of millijoules with chirped pulse ampli-
fication technique, there exists a saturation intensity set by the
full ionization of the target. Therefore, special steps, e.g., com-
pressing the temporal width of driving lasers and/or increasing
the ionization potential, should be taken to avoid the ionization
saturation effect.

Herein, we demonstrate the generation of ultrashort IAP
with temporal full width at half maximum (FWHM) of 51 as
with few-cycle NIR pulses centered at 0.75 pm. By taking advan-
tage of generalized double optical gating (GDOG) technique
[34,35], which preserves both the plateau and cutoft region
photons, the sample ionization by the leading edge of the driving
field is greatly suppressed, resulting in high saturation intensity
and hence high IAP cutoff energy. Another benefit that comes
with GDOG is the needlessness of carrier envelope phase (CEP)
stabilization of the driving laser pulses, as experimentally dem-
onstrated previously [36,37]. However, the underlying mecha-
nisms are never uncovered. Here, we numerically show that
narrow linear polarization gate formed with GDOG allows
effective IAP emitting only from specific laser waveforms with
some certain CEPs due to the extremely sensitive dependence

of IAP generation on the carrier waveform of the driving laser.
This makes for passive ultrabroadband IAP gating with CEP
unstabilized driving lasers. This is in contrast to another CEP-
irrelevant IAP generation scheme [38], which is based on phase-
matching-assisted amplitude gating and keeps only the cutoft
spectral components, resulting in longer IAP pulses. The gener-
ated IAP is characterized with attosecond streak camera and
reconstructed with the quick phase retrieval by omega oscilla-
tion filtering (qPROOF) algorithm [39]. This work exhibits the
feasibility of the generation of ultrashort attosecond pulses with
sophisticated Ti:sapphire driving lasers and thereby holds out
the prospect of high-flux and short-duration IAP generation for
future attosecond pump-attosecond probe experiments, as dem-
onstrated recently with attosecond pulse trains [40].

Experimental Design

The IAP generation and characterization platform for our
experiments was essentially a pump-probe interferometer, as
illustrated in Fig. 1. The waveform of linearly polarized NIR
pulse was reshaped with GDOG optics to form a narrow gate
for isolating IAP. The GDOG optics, as detailed in the inset
figure, consist of a 178-pm-thick quartz plate (QP1), a second
quartz plate (QP2) with thickness of 445 pm, a 0.5-mm-thick
fused silica window (BW) placed with Brewster angle for gating
field, and a 141-pum-thick p-barium borate (BBO). The thick-
nesses of the 4 optics were carefully configured [34] so that the
linear gate lasts only for about 1 fs and the polarization direction
in the gate is parallel to that of the input pulse. Note that only
one fused silica BW was employed to attenuate the driving field,
reflecting away only about 30% pulse energy, whereas near 50%
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Fig. 1. The schematic of the experimental setup. The IAP was generated in a neon-filled gas cell (GC) with GDOG field. The AP intrinsic dispersion was compensated with a
200-nm-thick Zr metal foil (MF), with which the residual NIR pulses were blocked as well. The IAP and streaking fields were then recombined with a hole-drilled mirror (HM) and
focused by a toroidal mirror (TM) and a focusing lens (FL), respectively, onto a neon gas jet (GJ). The modulated energy spectra of the electron bunch were then measured by
a time-of-flight (TOF) spectrometer. The GDOG field was generated with GDOG optics that consist of 2 quartz plates (QP1 and QP2), a Brewster window (BW), and a p-barium

borate (BBO), as shown in the inset figure.
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pulse energy was thrown away in the standard GDOG scheme
[34]. The reason for keeping higher driving pulse energy was
that high peak laser intensity was desired for extending the
cutoff energy. The laser fields were then focused by a spherical
silver mirror (f= 350 mm) into neon-filled gas cell (GC), reach-
ing high laser intensities up to 4 PW/cm® (10) (1 PW =1x 10° W),
to generate IAP. Zirconium (Zr) metal foil (MF) with thick-
ness of 200 nm was used to block the residual NIR pulses and
compensate the intrinsic atto-chirp. Toroidal mirror (f=270 mm)
was used to image the attosecond source onto a neon gas
jet (GJ) with 2f-2f geometry. In the meantime, another focused
replica of the NIR pulse termed as streaking field was recom-
bined with the IAP pulse by a hole-drilled silver mirror (HM).
The energy spectra of the electron bunch created during the
single-photon ionization of neon atoms by IAP field were mod-
ulated by the streaking field and measured as a function of
IAP-NIR delay by a time-of-flight (TOF) spectrometer. The
streaking trace is obtained, from which the temporal profile of
IAP can be extracted with various algorithms [41-48].

Before the experiments, we need to look into the NIR laser
field in detail, since the generation of IAP in the HHG process
occurs in the sub-laser-cycle time scale so that the electric wave-
form instead of the pulse envelope of driving pulse matters. We
start with the electric field of a short laser pulse described as
E(t) = A(t)cos (mLt + ¢CEP), with A(t) being a gaussian enve-
lope, wy, being the central angular frequency, and ¢gp being
the CEP phase. Special attentions should be paid to the disper-
sion introduced by the GDOG optics since ultrashort NIR
pulses are dealt with in the experiments. Significant temporal

A — Driving

01_: — QGating
0.0 3
-0.1 3

a —""I""""I""""I""
E .
; 0.1 38
— ]
S 0.0 4
= ]
=2 0.1 3
2 ]

= LRI I I IR B B
3 0.2+
28 ]
0.1 3
0.0 3
—0.1 3

IIIIIIIIIIIIIIIIIIIIIIIIIIIII

-30 20 -10 O 10 20 30

Time (fs)

broadening can be introduced during the propagation in GDOG
optics. To accommodate this, the input pulse is first pre-
compensated to have about —70 fs* group delay dispersion
(GDD). The propagation in the GDOG optics is then simulated.
After QP1, the o-ray and e-ray are separated by integral multiple
(2) optical cycles so that their projections on the polarization
plane of the input pulse add up constructively, forming the so-
called driving field. In the orthogonal plane, they cancel each
other out in the overlapping center, forming the gating field, as
shown in Fig. 2A. QP2 is used to introduce additional 5-cycle
delays, as shown in Fig. 2B. To improve the gating effect, the
relative field strength of the gating field is enlarged by reflecting
off 30% of the driving field with the BW. Afterward, the second
harmonic of the gating field, with polarization parallel to the
driving field, is produced in the BBO with type-I phase match-
ing. An asymmetric driving field is then synthesized, as shown
in Fig. 2C. More importantly, the driving field, which is the e-ray
in BBO, caught up with the gating field (o-ray), resulting in a
quarter-wave phase retardation between the 2 components. The
leading edge and trailing edge are then circularly polarized,
while the central part remains linearly polarized since the gating
field vanished in the center. It is worth noting that the driving
field is comparable or even slightly higher than the gating field
in the leading and trailing edge, which is inconsistent with the
standard GDOG scheme. It is caused by the lower attenuation
factor of BW and by incorporating the material dispersion and
the second harmonic in the simulation. However, the key point
of GDOG, i.e., reducing the delay between the gating and driv-
ing pulses, is realized by the insertion of the BW. Due to the
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Fig. 2. The formation of driving and gating fields with GDOG optics. (A) The linearly polarized input pulse is split by a birefringence crystal (QP1) as the driving (blue) and
gating (red) fields. (B) Additional phase retardation between them is introduced by QP2. (C) The driving field is further attenuated by a Brewster window and desymmetrized
by the second harmonic of the gating field with a BBO crystal. The relative delay between the 2 orthogonal components, meanwhile, is adjusted to be a quarter wave, leading
to polarization gating fields. (D) The contours show time-dependent ellipticity and define a 1-fs polarization gate (Pol. Gate), in which the ellipticity is smaller than 0.2. The
waveforms of the driving field for CEP of — z / 2 (green), 0 (red), = / 2(black), and = (blue) show critical difference in the gate.
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pre-introduced negative chirp of the input pulse, the gating and
driving fields get shorter and shorter during their propagation
in the optics. The ellipticity &, i.e., the ratio of the gating pulse
intensity to the driving pulse intensity, varies rapidly as time, as
contoured in Fig. 2D. Time zero corresponds to € = 0, and the
2 vertical lines (¢ = 0.2) roughly define the temporal window
(1 fs) for IAP generation.

Although the gate width is determined by GDOG optics, the
waveform of the driving field inside the gate is subjected to change
as the CEP of input pulse changes. Four electric fields correspond-
ing to CEPs of — 7 /2 (green), 0 (red), = / 2(black), and z (blue)
are shown in Fig. 2D. Note that the time-dependent ellipticity
remains the same for different CEPs, since the pulse envelopes
of both fields are immune to CEP. It is shown that as CEP
increases, the driving field shifts toward earlier time with mar-
ginal change of peak field strength, exposing different part of the
waveform in the linear polarization window. The emission of IAP
is consequently altered. According to the 3-step model, electrons
tunneled after the electric field peak contribute to IAP emission,
and those liberated before the peak are driven away from the ion.
Therefore, it can be asserted that the waveforms with CEPs of
— x /2 and zero generate no significant amount of IAP photons,
assuming that the negative electric field is weak enough. For the
CEP of 7, the electron would spend most of its excursion time in
the linear polarization field; it is thus more favorable than the
case of 7 /2. Although many qualitative analysis can be drawn,
it is necessary to perform numerical simulations to quantify the
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CEP dependence of IAP yields, spectra, and phases so that optima
CEPs, if exist, can be found for ultrashort IAP generation.

Results and Discussion

The simulations were carried out by solving the 2-dimensional
time-dependent Schrodinger equation (2D-TDSE) with single
active electron (SAE) approximation. During the real-time
propagation, an absorbing boundary was applied to prevent the
unphysical reflection from the boundary. The size of the simula-
tion box was tuned to exclude the long trajectories of the recom-
bining electrons, so only short trajectory contributions were
taken into account, which can be experimentally realized
through phase matching. The dipole spectra were filtered by
the transmission of Zr foil, and the electric field of IAP was
obtained via the inverse FT of the spectra. The peak intensity
of the input pulse was set to be 2.5 PW/cm?, resulting in about
1.0 PW/cm? driving field due to the energy transfer to gating
field and attenuation by BW. The numerical results show that
only one attosecond pulse survives from the ellipticity-varying
laser field for all the CEP values, as shown in Fig. 3A. However,
the calculated yields of IAPs show sensitive CEP dependence,
as shown in Fig. 3B. The IAP yield reaches its maximum around
a CEP value of 193 deg, away from which the IAP yield drops
quickly, suggesting a CEP window from 135 deg to 255 deg for
effective IAP generation. It should be pointed out that the CEP
used in the simulation is the CEP of the input pulse before the

10
=== Avg. spectrum | [
1.0 === Avg. phase
- 8
0.8 [
—_ - 6
= N
= 0.6 L&
z ] 4 g
n 1 <=
=) i - A~
8 0 4 _ -
E 04 [,
0.2 - [ o
0.0 T T T T T T T T T T I _2
80 120 160
Photon energy (eV)

Fig. 3. The influence of CEP on IAP generation investigated with 2D-TDSE. (A) The yields of IAP corresponding to laser CEP from 135 to 255 deg exhibit strong CEP dependence,
whereas the temporal width has subtle change for different CEPs. (B) The IAP yield maximizes at CEP between 180 to 195 deg and drops by an order of magnitude when CEP
changes by 60 deg from the maximum position. (C) 2D-TDSE calculated spectra (colored thin lines) and spectral phase (hollow circles, with the zeroth and the first order being
removed) of the IAPs. The thick red line is the average spectrum, and the thick blue line is the averaged phase. For IAPs generated with CEP from 135 to 255 deg beyond which
the IAP yield is marginal, the spectral profile and phase are quite similar, which makes it possible to produce IAPs without CEP stabilization. Note that the CEP values should
only be referred relatively. Their absolute values are meaningless since the propagation in air and optical window is not taken into account.
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GDOG optics, and it should only be referred relatively. Its abso-
lute value is meaningless since the propagation in air and optical
window is not included. The simulation implies that CEP sta-
bilization is no longer indispensable to produce an IAP, which
was experimentally demonstrated before [36] for narrow-band
long-lasting IAPs, and it still remains questionable if the pulse
duration changes with CEP and if the scheme can be employed
for ultrashort IAP generation.

As shown in Fig. 3A, the durations of IAPs are evaluated to
be around 359 as, with a standard deviation of 20 as, despite
different absolute emission times. The IAPs are temporally
stretched due to the intrinsic atto-chirp and can be further com-
pressed with material dispersion [49-52]. However, whether
the IAPs for different CEP values can be satisfactorily compen-
sated simultaneously depends on whether their spectra and
phase are the same. We focus only on the stronger IAPs for
driving laser CEP between 135 and 255 deg, beyond which the
IAP flux drops by an order of magnitude. In Fig. 3C, the normal-
ized spectra (colored thin lines) and phases (hollow circles) of
the IAPs shown in Fig. 3A are compared. Note that the low-
energy photons below 50 eV were removed by Zr transmission
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window and that the zeroth and first order of the phases are
artificially removed. The results show roughly the same spectral
profiles and phase variations, implying that they have and will
always keep similar temporal profiles during the propagation
in any dispersive materials used in experiments. Therefore, the
gating and pulse duration of IAPs can both be considered as
CEP independent.

In the experiments, the laser intensity of 5-fs pulses centered
at 750 nm was adjusted to be in the vicinity of that in the simula-
tions, i.e., 2.5 PW/cm’, to keep the photon energy below 150 eV,
since the Zr MF has negative GDD in this region [5,20,37].
With the streaking camera, electron spectrogram, as shown in
Fig. 4A, was measured in a delay range of 10.9 fs with a step size
of 211 as. Although the scanning is not performed for the entire
persistent period of the NIR streaking pulses and results in an
asymmetric trace, it has been demonstrated that streaking traces
with few-laser-cycle oscillations are sufficient to retrieve the
attosecond pulses with either PROOF [25,39] or VTGPA
(Volkov-transform generalized projection algorithm) [24,44]
technique. The oscillation of the streaking trace lasts much lon-
ger than the claimed 5-fs pulse width, indicating the existence
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Fig. 4. The reconstruction of isolated 51-as IAP. (A) Streaking trace measured as the NIR pulse-modulated photoelectron spectra as a function of IAP-NIR delay. The delay
step size is 211 as, with time jitter of 25 as. (B) Retrieved spectra phase (green line) with the gPROOF algorithm. The retrieved OOF phases (circles) consist of the extracted
ones (red line) from the streaking trace, indicating a successful phase retrieval. The spectra profile of the IAP is shown in shaded area. (C) The temporal profile with FWHM
of 51 (+ 4) as is obtained by performing inverse FT with the retrieved spectral phase and the measured spectral profile. The temporal phases (green line) are also obtained.
There exists a long-lasting structure in the profile, which can be attributed to the remaining high-order phase dispersions.
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of pedestals in the ultrashort streaking pulses due to nonperfect
dispersion compensation. During the change of NIR-IAP delay,
the photoelectron spectrum is modulated repeatedly in every
laser cycle; therefore, one-cycle scanning can theoretically encode
all the IAP phase information. Since the CEP was not stabilized,
the electron count rate was pretty low, and each spectrum was
taken by integrating 50,000 laser shots. The pump-probe time
delay was actively stabilized [53] and measured to have root-
mean-square time jitter of ~25 as [14].

The reconstruction of the IAP is in nature a phase retrieval
problem, which was solved with the gPROOF algorithm. The
qPROOF algorithm first extracted the phase of the one omega
frequency (OOF) components, shown as the red line in Fig. 4B,
following the same procedure in PROOF. Then, the spectral
phases of IAP, shown as the green line in Fig. 4B, were then
solved iteratively with analytical derivatives, whereas the same
problem was solved with genetic algorithm in PROOE Therefore,
the QPROOF algorithm converges much faster than and has the
same logic as PROOF that has been tested for short [5] and
ultrashort [25] IAP characterization. The solved OOF phases,
shown as the red circles in Fig. 4B, matched the measured ones,
and result in a retrieval error [39] of 0.625, indicating a success-
ful retrieval. The principle of measuring IAPs with unstabilized
CEP laser pulses lies in 2 facts [36]: (a) The IAP is locked to the
electric field, rather than the envelope, of the driving laser;
(b) the temporal profile and phase of the IAPs do not change
significantly as CEP changes, as demonstrated above.

The IAP continuous spectrum (solid line with filled area)
shown in Fig. 4B is obtained from the streaking-field-free elec-
tron spectrum by taking into account both the ionization poten-
tial shifting and nonflat ionization cross section of Ne atoms.
The spectrum, together with the retrieved spectral phase, is used
to reconstruct the electric field Ex(¢) of IAP, whose intensity
profile (solid line with filled area) and temporal phase (green
solid line) are shown in Fig. 4C. The FWHM of the IAP is thus
determined to be 51 (+ 4) as. However, the IAP has a wide
structure that lasts for 400 as due to the remaining high-order
dispersion, which is located mainly in the energy range of 90 to
110 eV and 120 to 140 eV. New dispersion management tech-
niques other than the insertion of MF will be needed to further
compensate the remaining dispersion. The uncertainty of the
pulse duration of the measured IAP comes from 3 parts. The
first one is caused by the qPROOF algorithm; with the experi-
mental parameters, i.e., 1 TW/cm? (1 TW =1 X 10> W) and
5-fs streaking pulses, the algorithm is determined numerically
to have a retrieval error of Az, = 3 as. The second one is attrib-
uted to the intensity stability of the laser system, which causes
the change of IAP spectra width. By monitoring the IAP spectra
change for 2 h, the supporting IAPs have a duration change of
A1, =1 as. The last one comes from the small IAP spectra dif-
ference for different CEPs as shown in Fig. 3C. The weight-
average results in another error Az = 1 as. The total duration

uncertainty is thus estimated as At = 4/ AT% + Ar% + Arg ~

4 as. On the other hand, other experimental parameters, e.g.,
25 as time jitter, 211 as step size, and 4.5% noise level, contribute
little in the retrieval error according to previous numerical
simulations [39].

The avoidance of CEP stabilization will greatly ease the gen-
eration of ultrashort IAPs. More importantly, the resulted IAPs
are always locked to the NIR drivers and are hence still suit-
able for IAP-NIR pump-probe measurements. However, the

Wang et al. 2024 | https://doi.org/10.34133/ultrafastscience.0080

stabilization of CEP is still a better choice in the case that
intense IAPs are needed. With stabilized CEP, the yield of IAP
can be improved by 4 times, which is determined as the ratio
of the maximum to the average for CEP-dependent IAP yield
shown in Fig. 3B. Therefore, free-CEP drivers are adequate for
one XUV-photon-related linear measurements, while CEP sta-
bilization is needed for high-flux IAP generation. On the other
hand, using NIR pulses, which have higher theoretical con-
version efficiency, is also capable of producing broadband
ultrashort IAPs. The demonstrated 51-as pulses can be
further shortened with wider GDD compensation window,
such as 33-as IAPs from NIR drivers, which are predicted
with C filter as the compensation material [20]. With slightly
longer wavelength drivers, the cutoff can even be extended
up to 5.2 keV [54], or the average power can be improved to
be 5.1 pW [55]. Therefore, high-flux IAPs with ultrashort
pulse duration can be generated with CEP unstabilized shorter
wavelength drivers.

Conclusion

In conclusion, we demonstrate 51-as IAP generation with CEP
unstabilized few-cycle NIR driving pulses. The drawback of
short-wavelength driver on extending the bandwidth is rem-
edied by the increased saturation intensity associated with the
short driving pulse duration and decreased ionization in the
leading edge associated with GDOG technique. We show that
by setting a narrow gating window, broadband IAPs can be
emitted regardless of the CEP. Furthermore, the intrinsic atto-
chirp of IAPs for various CEPs is identical and can be com-
pensated by a Zr foil. The temporal characterization of IAP
was carried out with attosecond streak camera, and the phase
retrieval was done with QPROOF algorithm. The highlight of
this work is to use GDOG scheme with few-cycle NIR driving
pulses, which ensures high saturation intensity and generates
ultrashort IAP with pulse duration comparable to that with
SWIR drivers. It therefore holds the promise of generating
high-flux ultrashort IAPs so as to popularize and expand the
application of attosecond pulses.
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