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Double optical gating for generating high flux
isolated attosecond pulses in the soft X-ray
regime
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Abstract: Double optical gating (DOG) technique was implemented with a two-cycle, 1.7 µm
driving field to generate isolated attosecond pulses in the 100–250 eV spectrum range. The strong
ellipticity dependency of the high harmonics from the 1.7 µm driving field makes polarization
based gating method very efficient. When a second harmonic (SH) field is introduced, complete
gating can be achieved with less ionization from the leading edge of the driving field, which yields
supercontinua with a pulse energy of 0.3 nJ. We perform an attosecond streaking measurement
to confirm the generation of isolated attosecond pulses.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Attosecond pulses can be generated from an extreme nonlinear process called high harmonic
generation (HHG) [1,2]. The HHG photon energy can be tailored from the XUV to soft X-rays
based on its driving laser source and the interaction media [3]. Combined with its unique
sub-femtosecond temporal feature, attosecond sources have become powerful tools for studying
electron dynamics and correlations in atoms, molecules and condensed matter [4].

The generation of isolated attosecond pluses (IAPs) requires sub-cycle gating techniques. The
amplitude gating (AP) [5] and ionization gating (IG) [6] techniques relay on the spectral selection
of cutoff harmonics driven by a strong half-cycle of the laser field. The polarization gating
(PG) [7] and double optical gating (DOG) [8] techniques require a driving field that is linearly
polarized in the middle and elliptically polarized elsewhere. The recombination probability of an
electron recolliding with the parent ion drops with increasing field ellipticity [9,10]. As a result,
only one effective recollision event occurs in the middle of the driving field, creating a temporal
“switch on” for attosecond burst in only half-cycle. Unlike spectral filtering method where
isolated attosecond pulses are generated only in the cutoff range, polarization based temporal
gating techniques could generate an ultra-broadband spectrum covering both the plateau and
cutoff harmonics. This is only true for two-cycle or longer driving pulses. When the driving
pulse duration is less than a single cycle, amplitude gating become very effective because one
strong recollision event dominates the photon emission process [5]. For few-cycle driving pulses,
temporal gating is also possible when take in to account the propagation effect. By controlling the
ionization rate of neutral atoms, effective phase match [11] and attosecond burst can be limited to
only half optical cycle [12]. A relatively new isolation method, known as “attosecond lighthouse”
[13,14], can also produce ultra-broadband spectra with a multicycle driving field. It creates a
wavefront rotation of the driving field to angularly separate each attosecond pulse in the far field.
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The implementation of various gating methods with 0.8 µm femtosecond Ti:Sapphire laser
sources have demonstrated many milestone achievements in the XUV spectrum range [5,15].
Although the semiclassical model predicts that the HHG cutoff photon energy can be increased
by using a higher laser intensity [9], generating high photon flux also requires macroscopic phase
match, which is achieved by using a moderate laser intensity. As a result, the photon energy
cutoff produced in most experiments was typically below 150 eV.
A more practical way to scale up cutoff photon energy is to use long wavelength driving

lasers [16]. Few-cycle, carrier-envelope phase (CEP) stable mid-infrared (IR) sources centered
at 1.6–2.1 µm are widely available now with mJ-level pulse energy. Driving high harmonic
generation with these laser sources makes ultrafast spectroscopy possible in the soft X-ray regime
[17,18] and IAPs were also demonstrated recently [12,19–22]. However, the energy conversion
efficiency barely reaches 10−8, yielding a few picojoules of soft X-ray pulses with expensive
mJ-level driving laser. One reason is the unfavorable scaling of the HHG yield (∼ λ−6) with
longer driving wavelength [23]. This can be mitigated by using a higher gas media density and
by careful control of the phase match. Another reason is the inevitable efficiency lost during the
gating process. Whereas AP and IG discard the strongest plateau harmonics, PG and DOG gate
a portion of the electric field with the highest absolute amplitudes to generate high harmonics.
This is the main reason for low yield of the IAPs when gating techniques are applied with a
multicycle driving field.
Fortunately, the gating threshold ellipticity for isolating an IAP decreases with a longer-

wavelength driving field [24] and hence, PG and DOG are more effective for mid-IR sources at
1.6–2.1 µm. To generate an IAP, the gate width δtG should be shorter than the spacing between
adjacent attosecond bursts. For a linearly polarized driving field, the corresponding attosecond
bursts have a half-cycle periodicity (T0/2). Therefore, the PG gate width should be less than
half-cycle. DOG is a combination of two-color gating [25] and PG. The second harmonic (SH)
field in the two-color gating breaks the symmetry of the fundamental driving field and increases
the attosecond bursts periodicity from every half-cycle to a full-cycle. As a result, the DOG gate
width can be increased to a full-cycle. This will reduce the ratio of elliptical polarized field and
concentrate more energy in the center of gate for driving IAPs.

In this letter, we have demonstrated the experimental feasibility of using the DOG technique at
1.7 µm to generate high energy soft X-ray IAPs covering both the plateau and the cutoff spectrum
range. A CEP scan was performed to show a clear 2π-phase periodicity of HHG yield, which
verifies a sufficient SH field strength. An attosecond streaking measurement was performed to
confirm the generation of the IAPs. The pulse energy of the IAPs reached ∼0.3 nJ, corresponding
to a flux of ∼1.5× 107 photons per laser shot in the 100–250 eV range.

2. Double optical gating for 1.7 µm driving field.

The setup for DOG experiment is illustrated in Fig. 1. The driving laser is a home-built 1 kHz,
CEP-stabilized Optical Parametric Chirped Pulse Amplification (OPCPA) system with a pulse
duration of 12 fs, which corresponds to a two-cycle pulse at 1.7 µm [26]. The input mid-IR
field is horizontally polarized. In our DOG setup, the optical axis of the first quartz plate (198
µm) is set at 45° with respect to the input field polarization. The birefringence effect (no<ne)
introduces+ 1 cycle of phase delay between the o- and e- field (Fig. 1(a)). The relative difference
between phase delay and group delay is only 1.7%, which was neglected in this experiment.
The beam then passes through a second 405 µm thick quartz plate with its o-axis aligned

vertically. It introduces+ 2 cycles of phase delay between the vertically and the horizontally
polarized fields. The beam is then loosely focused by a CaF2 lens with 450mm focus length.
Inside the vacuum chamber, a 192 µm thick BBO crystal is placed 100mm before the focus.
The BBO is cut at 21° for type I (ooe) phase matching to generate a SH field centered at 0.85
µm. The o-axis of the BBO crystal is aligned vertically and orthogonal to the driving field
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Fig. 1. Experiment setup for double optical gating. (a) The o- and e-field after the 1st quartz
plate. (b) The driving and gating fields after the 2nd quartz plate. (c) The driving, gating and
SH fields after the BBO crystal.

polarization. Since the BBO is a negative uniaxial crystal (no>ne), it introduces -1.75 cycles of
phase delay between the vertically and the horizontally polarized fields (Fig. 1(b)). Due to the
relative thinness of the BBO crystal, the SH efficiency is less sensitive to the angle change. The
BBO angle is fine-tuned to achieve a final net phase delay of+ 0.25 cycle. Therefore, the second
quartz plate and the BBO crystal work together as a zero-order quarter wave plate.

After the BBO crystal, the o- and e-field converted into two counter-rotating circularly polarized
fields with the same group delay of one cycle. These fields can also be resolved into a horizontally
polarized driving field and a vertically polarized gating field (Fig. 1(c)). The SH field is produced
by the gating field through type I interaction, and thus it is polarized orthogonally to the gating
field and parallel to the driving field. The SH field envelope also follows the intensity of the
gating field. The group delay between the SH field and the gating field is estimated to be 2 fs
based on their group velocities inside the BBO crystal. This delay is important to maintain a
sufficient SH strength in the middle of the PG gate. In our case, an integer multiple of half-cycle
delays is introduced by the first quartz plate. As a result, the field in the middle of the PG gate is
polarized in the same direction as the input field. This is important for polarization sensitive
experiments since the HHG polarization follows the polarization of the driving field.
The PG or DOG gate width δtG is determined by the time-dependent field ellipticity and can

be expressed as [27]

δtG =
εthτ

2
p

ln(2)Td
(1)

Where Td = T0 = 5.3 fs is the group delay between the o- and e-field introduced by the 1st quartz
plate. τp = 12 fs is the laser pulse duration. εth is the threshold ellipticity, define as the field
ellipticity where the high harmonic yield is suppressed by 90%. For 1.7 µm driving field, the
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threshold ellipticity εth = 0.1[28]. Therefore, the gate width for one-cycle delay is calculated to
be δtG1 = 3.6 fs. In DOG, the attosecond bursts have a full-cycle spacing with sufficient SH field
strength. The gate width δtG1<T0 satisfies the condition of a complete gate.

3. Isolated attosecond pulses in the soft X-ray regime.

The HHG signal is generated inside a 1.5mm-long glass capillary filled with 1 bar of neon gas.
The HHG photon spectrum is collected by a soft X-ray grating spectrometer design for 50–350 eV.
The photoelectron signal is recorded using a home-built attosecond streaking camera setup. The
details of our detection systems have been discussed elsewhere [20].
Figure 2(a) shows the HH spectra as a function of CEP under one-cycle delay DOG. A 2π

CEP periodicity is clear evidence of sufficient SH field strength in the middle of the gate. No
center-of-energy motion is observed from the supercontinua while changing the CEP, which
indicates our DOG is work at temporary-gating regime rather than amplitude-gating regime [29].
An attosecond streaking measurement was performed to verify the generation of IAPs (Fig. 2(b)).
No backward streaking was observed, which indicates IAPs in the soft X-ray spectrum range. In
the streaking experiment, helium was chosen as the detection gas to avoid photoelectron signal
from different shells.

Fig. 2. (a) CEP influence on the supercontinua generation using one-cycle delay DOG. (b)
Photoelectron spectrogram as a function of temporal delay between the soft X-ray and the
streaking mid-IR pulses. A 100-nm-tin filter is used in the soft X-ray beam. A negative
delay corresponds to an earlier mid-IR pulse arrival.

We applied the neural network retrieval method [30] to retrieve the spectral phase of the IAPs.
Multiple set of simulated streaking trace are used as training data to train the neural networks.
one of the trained networks is used first to perform the spectrum phase retrieval and to reconstruct
a streaking trace from the measured one in Fig. 2(b). After that, 30 individually trained neural
networks are applied to this reconstructed trace. The 30 different retrieval results are then used to
calculated the spectrum phase error and the standard deviation of pulse duration (Fig. 3). With
a similar spectrum shape and cutoff photon energy, the reconstructed 305 as pulse duration is
consistent with the one generated by the PG method [20]. Since the intrinsic chirp from the HHG
is inversely proportional to the driving laser wavelength [31], using long wavelength mid-IR laser
can reduce the attochirp for a certain photon energy.
To compare the photon flux with our previous work [20], we use a diffraction grating

spectrometer to record the signal levels. The absolute photon flux was measured using an XUV
photodiode (IRD AXUV100). Figure 4 shows the continua spectra using the DOG and PG
method. A spectrum of the attosecond pulse train produced by the linearly polarized field is also
plotted for comparison, but the harmonic peaks are not seen in the spectrum region above 100 eV
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Fig. 3. Attosecond pulse retrieval with neural network using the measured streaking trace in
Fig. 2(b). (a) Neural network retrieved photon spectrum and spectrum phase; photoionization
potential and cross section of helium are considered to correct the photon spectra. (b)
Temporal intensity profile and temporal phase of the 305 as pulse.

due to the limited resolution of the spectrometer and the low photon energy of the mid-IR laser.
All three spectra were detected under same detection conditions. In all three cases, the CEP
value, gas cell position and iris size were optimized individually to achieve the best maximum
flux near 150 eV, which corresponds to the peak in the HHG plateau.

Fig. 4. The photon spectrum of an attosecond pulse train generated using a linearly polarized
field (solid black); The photon spectrum of IAPs generated using a DOG field with one-cycle
delay (solid red) and a PG field with two-cycle delay (dashed blue). In each case, the
CEP value, gas cell position and iris size were optimized individually to achieve the best
maximum flux near 150 eV.

In interferometric DOG, the attosecond spectra shape and cutoff energy can be optimized
by fine tuning the relative phase between the SH and the driving field [32]. In our collinear
DOG case, this relative phase is fixed to ensure shot-to-shot stability of the HHG. We believe the
inability to fine tuning the relative phase between the driving field and the SH field is the main
reason for lower cutoff energy in our collinear DOG, which can be solved by testing different
combinations of the BBO crystal and the second quartz with varying thickness.

In our typical experimental condition, the pulse energy of the linear polarized driving field is
approximately 0.8 mJ measured after the lens. In the PG case, the pulse energy required to reach
300 eV is usually near 1.1 mJ. In the DOG case, the 100-250 eV photons are typically optimized
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with 0.9 mJ of driving field, resulting a 0.3 nJ soft X-ray attosecond pulse with a photon flux of
∼1.5×107 photons per laser short. The conversion efficiency for the IAPs reaches 2×10−7 in the
DOG case, which is more than one order of magnitude higher than the two-cycle delay PG case
demonstrated previously [20]. We compared the driving and gating fields in one and two-cycle
delay cases. For the same driving field intensity inside the gate, the electric field strength in the
leading edge is smaller in the DOG case (Fig. 5). Therefore, the ground state depletion can be
reduced accordingly. This is the main reason for a higher IAP flux in DOG with one-cycle delay.

Fig. 5. The driving (red solid) and gating field (yellow doted) in (a) one-cycle delay case
and (b) two-cycle delay case.

4. Conclusion

In this work, the DOG technique was implemented for the first time with a mid-IR laser source at
1.7 µm. Although the DOG technique was invented initially for generating IAPs with multicycle
laser sources. We have demonstrated its potential to generate high flux soft X-ray IAPs with
a two-cycle mid-IR laser. The photon energy of the IAP in 100-250 eV range reaches 0.3 nJ,
corresponding to a photon flux of ∼1.5× 107 photons per laser shot and a conversion efficiency
of 2× 10−7 with 1.5 mJ of available mid-IR energy. The DOG method discussed in this letter is
also practical with higher pulse energy. We believe it can be adapted to the next generation of
attosecond sources in large scale laser facilities [33].
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