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Abstract: Attosecond pulses and pulse trains generated by high-order harmonic generation are
finding broad applications in advanced spectroscopies and imaging, enabling sub-femtosecond
electron dynamics to be probed in atomic, molecular and material systems. To date, isolated
attosecond pulses have been generated either by using very short few-cycle driving pulses, or
by using temporal and polarization gating, or by taking advantage of phase-matching gating.
Here we show that by driving high harmonics with a two-color linearly polarized laser field, the
temporal window for time-gated phase matching is shorter than for the equivalent singe-color
driving laser. As a result, we can generate quasi-isolated attosecond pulses with a peak width of
∼ 450 as using relatively long 26 femtosecond laser pulses. Our experimental data are in good
agreement with theoretical simulations, and show that the phase matching window decreases by
a factor of 4 - from four optical cycles in the case of a single-color fundamental driving laser, to
one optical cycle in the case of two-color (ω-2ω) laser drivers. Finally, we also demonstrate that
by changing the relative delay between the two-color laser fields, we can control the duration of
the attosecond bursts from 450 as to 1.2 fs.
© 2017 Optical Society of America

OCIS codes: (190.4180) Multiphoton processes; (190.2620) Harmonic generation and mixing; (340.0340) X-ray optics;
(300.6500) Spectroscopy, time-resolved.
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1. Introduction

Coherent laser-like beams spanning the extreme ultraviolet (EUV) and soft X-ray spectral regions
can be generated via high-order harmonic upconversion of an intense driving laser field in a gas
medium [1–8]. The exquisite spatial and temporal coherence of high harmonic generation (HHG)
produces attosecond pulses and pulse trains that are perfectly synchronized to the driving laser,
with ultrastable coherent wavefronts, all in a tabletop-scale setup. As a result, applications of HHG
for probing matter at the spatio-temporal limits relevant to function are rapidly increasing. In
exciting recent work, HHG sources were used to capture chemical reactions in real time [9,10], to
reveal correlated charge, spin and phonon dynamics in materials with femtosecond-to-attosecond
time resolution [11–18], and to demonstrate the first sub-wavelength EUV/X-ray imaging of
nanostructures [19, 20]. In particular, a new technique called attosecond-ARPES (angle resolved
photoemission) harnesses HHG pulse trains to measure the fastest electron dynamics intrinsic to
materials, making it possible to distinguish sub-femtosecond electron scattering and screening for
the first time [21, 22]. The temporal structure of HHG pulse trains is determined by the electron
wavepacket dynamics driven by a strong laser field. In the semi-classical picture, when an atom is
irradiated by an intense ultrafast laser pulse, the electron first tunnels through the Coulomb barrier
and is then accelerated away from its parent ion. When the laser field reverses direction and drives
the electron back to recollide with its parent ion, a HHG photon is emitted in the recombination
step [23,24]. When driven by a single-color linearly-polarized laser field, this process repeats
twice every cycle of the laser field. Therefore, one approach for generating isolated attosecond
pulses is to reduce the number of laser-field cycles, in order to confine the recombination events
to the most intense half cycle of the driving field [25]. However, this only considered HHG from
a single atom, which emerges as weak dipole radiation. More advanced approaches take phase
matching into account - that is needed in order to generate either a HHG beam or make it bright
for applications. These include phase-matching gating or polarization gating techniques that
restrict the HHG process to one single half cycle of the driving field. Temporal polarization
gating takes advantage of the dependence of the HHG efficiency on the circularity of the driving
fields by superposing various combinations of circularly and linearly polarized fields to create a
short temporal window when the driving laser field is linearly polarized [26–31]. In contrast,
phase-matching gating harnesses the fact that bright HHG beams can only be emitted during a
finite time window, when the laser and HHG fields travel at the same velocity in the gas, allowing
the HHG emission from many atoms to add coherently. This window of phase matching naturally
ranges from a single half-cycle of the laser field for mid-IR driving lasers, to multiple half-cycles,
for blue and UV driving lasers [7, 32–35].
It has been long realized that the HHG emission can be controlled by introducing a second

driving field with a different wavelength, which breaks the symmetry of the electron recollision
dynamics [36–41]. Indeed, two-color driven HHG has been shown to be useful in manipulating
the temporal profile and polarization state of the emitted attosecond pulses, as well as relaxing
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the conditions for single attosecond pulse generation. For example, the double optical gating
technique introduces a second-harmonic pulse with an orthogonal/rotating polarization to enable
polarization gating, resulting in isolated attosecond pulses [28]. Recently, circularly polarized
attosecond pulses have been generated and characterized by using bi-chromatic circularly polarized
driving fields with opposite helicities to drive HHG [42–44]. Moreover, when the polarization of
the two fields is the same, attosecond pulses are emitted once per IR optical cycle and hence are
carrier-envelop phase stabilized [37]. We note that the temporal structure of attosecond pulse
sequences generated by linearly-polarized two-color laser fields has been previously studied with
the second-harmonic field strength <0.5% of the IR field, leading to attosecond pulses emitted
twice per IR-light cycle [45, 46]. However, the macroscopic phase matching conditions under the
two-color geometry were not explored in these studies. This deficiency is important to address
because in the case of two-color linearly-polarized driving lasers, macroscopic phase matching
effects could be used to sculpt the intensity, phase, spectrum and duration of the emitted HHG
pulses, by tailoring the phase matching window [1,33]. This would add to our capabilities for
coherently engineering attosecond waveforms using the two-color driving fields.

In this paper, by using laser-assisted photoemission to measure the full HHG field, we extend
the concept of phase-matching gating of high harmonic generation to two-color laser fields, and
show that it is quite distinct from phase-matching gating in a one-color laser field. Quasi-isolated
attosecond pulses, with a peak width of ∼450 as, can be generated by mixing a multi-cycle
26 fs, 780 nm, laser field with its second harmonic. By comparing our measurements with the
results of numerical simulations, we show that the temporal window for HHG phase matching
in this two-color (ω-2ω) configuration is shorter than the case of a single-color driving laser -
decreasing by a factor of 4, from four optical cycles (for a single-color fundamental driver) to
one optical cycle (in the case of two-color laser drivers). We also demonstrate that the resulting
attosecond waveforms can be easily modulated by changing the relative phase delay between the
390 nm and 780 nm driving fields (ϕRB). Our results show that at the phase delay corresponding
to the maximum HHG yield, the FWHM (full width at half maximum) of the attosecond bursts
reaches a minimum value of 450 as, which is close to the value expected for the transform-limited
case. In contrast, as the phase delay is adjusted away from the optimum HHG yields, the pulse
FWHM is significantly increased due to the emergence of additional temporal structures. By
comparing our experimental data with the results of numerical simulations and semiclassical
calculations of the driving-field structure and electron trajectories, we find this observation is a
direct consequence of the broken symmetry introduced by the intense second-harmonic field,
which strongly modifies the electron ionization, propagation and recombination dynamics during
the HHG process.

2. Experimental and numerical methods

2.1. Experimental setup

Our experimental setup is illustrated in Fig. 1(a). A linearly polarized HHG beam is generated
by mixing a near-infrared field (ω, 780 nm, IR) with its second-harmonic field (2ω, 390 nm,
blue) in a Mach-Zehnder interferometer. The FWHM pulse duration of the IR pulse is 26 fs. The
polarizations of the two driving fields are adjusted to be parallel to each other, before they are
focused collinearly into a 10-mm-long waveguide filled with Argon gas at a pressure of 30 torr. As
a result, the HHG beam inherits the polarization of the combined driving fields. In our experiments,
the two-color driving fields can be described as E(t) = ER sin(ωt) + EB sin(2ωt + ϕ0 + ϕRB),
where ER and EB are the amplitudes of the infrared (R) and blue (B) driving fields, respectively.
Here, ϕ0 is the relative phase delay between the two laser fields corresponding to the highest
HHG yields, while ϕRB can be adjusted using a delay stage stabilized to sub-fs precision, as
shown in Fig. 1a. The ω and 2ω beams are focused using lenses of focal length 50 cm (ω) and 75
cm (2ω), respectively, before propagating into a 10-mm-long fiber waveguide. As a result, the
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peak intensity of the IR driving field is 1.5 × 1014 W/cm2. To enhance the symmetry breaking
between neighboring cycles in HHG, we use a strong blue driving field in our experiments, with
a field intensity approximately half that of the IR field (I2ω ≈ 0.7 × 1014 W/cm2).

Fig. 1. Characterizing high-order harmonics generated using laser-assisted photoemission. a)
Linearly polarized ω (780nm) and 2ω (390nm) beams from a Ti:Sapphire laser are focused
into an Ar-filled hollow waveguide. The generated linearly polarized HHG and a time-delayed
p-polarized 780nm dressing field are focused onto a clean Cu(111) surface. In experiments,
the temporal structure of the attosecond bursts can be adjusted by the relative phase between
the ω and 2ω driving fields, ϕRB . b) Upper panel: Modulation of the total HHG intensity
as a function of ϕRB . Lower panel: The HHG spectra measured at the maximum (A) and
the minimum (B) HHG intensities. The spectra were de-convoluted by considering the
transmission rate of 200 nm Al filter [47]. c) Illustration of the quantum path interference of
the interferometric laser-assisted photoemission with HHG field generated by ω-2ω driving
fields.

The HHG spectra are measured directly using an EUV spectrometer with an energy resolution
of ∼100 meV, after travelling through a 200 nm Aluminum filter to block the residual driving
laser fields. The spectra plotted in Fig. 1(b) are corrected by considering the transmission of the
Al filter, as reported in [47]. As shown in Fig. 1(b), the spectra comprise of both odd and even
orders of harmonics with comparable intensity, consistent with previous studies [37, 48]. By
adjusting ϕRB, we can control the total HHG yield with high precision, showing a modulation of
the total yield with a periodicity corresponding to half optical cycle of the blue laser field [37,48]
(Fig. 1(b)). This is a clear evidence that the harmonics are indeed generated by the two-color
laser field. Notably, we observe a strong continuum background in our HHG spectra, suggesting
that the harmonic radiation is emitted in the form of an quasi-isolated pulse [25, 29, 49, 50] -
although quasi-continuum HHG radiation can also be emitted for appropriate phase relationships
between several pulses [51]. We note that the continuum background is absent in spectra measured
using the same spectrometer for the circularly polarized HHG driven by the circularly polarized
two-color driving fields with similar field strength [42], indicating that this continuum background
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is intrinsic to HHG emission.
To fully reconstruct the temporal structure of the HHG pulse train, we measure the spectral

phases of the generated linearly polarized HHG beam by using attosecond metrology techniques
[42, 52]. In this method, we focus the HHG beam onto a clean Cu(111) surface to induce
photoemission. The photoelectrons are simultaneously modulated by a linearly polarized IR
field, which propagates collinearly with the HHG beam. The IR dressing field is separated from
the fundamental laser beam before second-harmonic generation, and hence only consists of the
laser field at a wavelength of 780 nm (~ωL=1.6 eV). The relative time delay between the HHG
pulse and IR dressing pulse (τd) can be adjusted by a second delay stage in our experiments.
Both the HHG and the IR dressing fields are adjusted to be p-polarized relative to the sample
surface. Due to the existence of both even and odd harmonics, the photoelectron yield at the
kinetic energy corresponding to the direct excitation by nth order harmonics (~ωn) is modulated
due to the interference (Fig. 1(c)) between three quantum paths: (i) absorbing an HHG and an
IR photon (~ωn−1 + ~ωL); (ii) direct photoemission by a single HHG photon (~ωn); and (iii)
absorbing an HHG photon and emitting an IR photon (~ωn+1 − ~ωL). The photoelectron yields
as a function of τd are recorded using a hemispherical photoelectron analyzer, which gives rise
to the interferograms shown in Fig. 2(a). Our method was recently successfully implemented to
reconstruct circularly polarized HHG pulses [42].

2.2. Numerical simulations

In order to understand the HHG fields produced by the two-color (ω-2ω) driving laser fields, we
performed numerical macroscopic HHG simulations by combining the strong-field approximation
for the single atom response with discrete dipole approximation for the electromagnetic field
propagator [53]. In this approach, the harmonics are assumed to propagate at the speed of light.
However, for the driving laser fields, the dispersion of the neutral atoms, plasma and waveguide,
as well as group-velocity mismatch [54], must be taken into account. Note that we also account
for time-dependent ionization (computed via the ADK rates for the total electric field [55]),
which gives rise to nonlinear phase shifts in the driving field (note that spatial nonlinearities are
not included). In our simulations, the driving pulses are modelled as a sin2 envelope with the
FWHM pulse duration of τR = 26 fs and τB = 35 fs for fields with wavelengths λR=775 nm (ω)
and λB=387.5 nm (2ω), respectively. The peak intensities are 1.2 × 1014 W/cm2 for the λR field,
while the intensity of the λB field is half of that of the λR field, which were selected to be similar
to the experimental conditions.

3. Quasi-isolated attosecond pulse

In Fig. 2(a), we plot the interferogram of photoelectrons excited by HHG beam at ϕRB ≈ 0, which
gives the highest HHG yield. The yields of the photoelectrons excited by different harmonic
orders from the same d band of Cu(111) oscillate with a frequency of ωL as a function of τd . In
recent work, we have shown that the final-state resonance could affect the photoemission time
delay from the low-energy d band with Λ3 symmetry in transition metals. However, the resonant
time delay only presents in a small range of the electron transverse momentum (electron emission
angle within ± 3.5o) and sharply decrease to a very small value (<50 as) at large angles [22]. In
this work, we average the photoemission intensity across a large emission angle (± 13 o) in order
to reduce the time delay induced by final-state resonance, as well as increase the signal-to-noise
ratio in the analysis. At the same time, we note that the photoemission intensities of Λ1 bands in
copper are generally much higher than that of Λ3 band and they contribute small photoemission
time delay smooth across the energy range of measurements [22]. As a result, the time delay
associated with the photoemission process itself is negligible in this work [42]. Information about
the harmonic phases [φ(ωn)] is encoded in the phases of the modulations in the interferogram
[α(ωn)], which is given by [42, 52]
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tan[α(ωn)] =
√

I0(ωn+1) sin[φ(ωn) − φ(ωn+1)] −
√

I0(ωn−1) sin[φ(ωn−1) − φ(ωn)]√
I0(ωn+1) cos[φ(ωn) − φ(ωn+1)] −

√
I0(ωn−1) cos[φ(ωn−1) − φ(ωn)]

(1)

where I0(ωn) is the power spectrum. Using a genetic algorithm (details are described in [42]),
we can retrieve the harmonic phases which best fit the measured interferogram phases. The
fitting results are plotted in the right panel of Fig. 2(a), for ϕRB ≈ 0. The measured HHG phases
are plotted in Fig. 2(b) for both ϕRB ≈ 0 and ϕRB ≈ 0.5π. We find that the HHG phases as
a function of harmonic order gradually evolve from the original linear shape to an "S" shape,
as ϕRB changes from 0 to 0.5π. This trend can be successfully reproduced by the theoretical
single-atom response, as shown in the inset of Fig. 2(b).

Fig. 2. Measuring the harmonic phases. a) 2D map of photoelectron yields at ϕRB ≈ 0 as
a function of photoelectron energy and pump-probe time delay (τd). The experimentally
measured interferogram phase α(ω) as a function of photoelectron energy is plotted in the
right panel, in comparison with the reconstructed phases obtained from phase retrieval
program (black solid line). The good agreement between the two indicates that the correct
harmonic phases are retrieved from the experimental results. b) Phases of major harmonic
orders measured at ϕRB ≈ 0 and ϕRB ≈ 0.5π. The uncertainty is determined as the standard
deviation of phase values retrieved from multiple trials. For the comparison, the harmonic
phases for both cases are offset so that the phase of the 13th harmonic is zero. The solid lines
highlight the variation of the harmonic phases and serve the purpose of guiding the eyes.
The difference of harmonic phases between ϕRB ≈ 0.5π and ϕRB ≈ 0 is plotted in the inset.
The phase difference obtained in our numerical simulation is also plotted for comparison
(dashed line).

With the HHG spectral intensities and phases measured, the time-domain structure of the HHG
field can therefore be reconstructed. The temporal profile of HHG pulse train corresponding to
ϕRB ≈ 0 is plotted in Fig. 3(a). The profile is observed to be a quasi-isolated attosecond pulse
with a pulse width of ∼ 450 as (FWHM), accompanied by two attosecond bursts with amplitude
weaker by a factor of 5, separated from the center pulse by one optical cycle of the fundamental
IR field. The pulse width is very close to the transform-limited value (dashed line in Fig. 3(a)),
which is consistent with the linear dependence of HHG phases as a function of harmonic order,
as shown in Fig. 2(b). When ϕRB is changed to 0.5π, we observe additional attosecond bursts in
the temporal domain (Fig. 3(b)).
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Obviously, the generation of quasi-isolated attosecond pulses driven by multicycle laser fields
cannot be explained by a single-atom response of the HHG process. In order to understand these
results, we must consider the macroscopic response of the medium by extending the time-gated
phase matching concept [32–35,56] to a two-color driving laser field. In a hollow waveguide, the
phase mismatch of the qth order harmonic (∆kω−2ω

q ) can be estimated by considering the net
dispersion due to the waveguide, the free-electron plasma as well as the neutral atoms. In the
presence of a second harmonic driver (λB), this becomes

∆kω−2ω
q (t) ≈∆kwaveguide

q + ∆kplasma
q + ∆kneutral

q

≈{nR

λRu2
11

4πa2 + 2nB

λBu2
11

4πa2 } + {nRP
λRe2

mec2 η(t) + 2nBP
λBe2

mec2 η(t)}

−{nRP
4π2 χ0
λR
[1 − η(t)] + 2nBP

4π2 χ0
λB
[1 − η(t)]}

(2)

where η(n) is the time-dependent ionization rate, χ0 is the linear susceptibility of the gas due to the
neutrals and P is the gas pressure inside the waveguide. We note that in the harmonic generation
process, nR(nB) photons were absorbed from the λR (λB) field, so we have q = nR + 2nB. In
Eq. (2), we have calculated the waveguide dispersion term, where a is the waveguide radius
and u11 = 2.405 is the first zero of the Bessel function J0 [33, 56]. One can also define the
coherence length as Lω−2ω,q

coh (t) = π/∆kω−2ω
q (t), in a similar way as it was performed in [57]

for the single-color geometry. Perfect phase matching occurs when the three terms in Eq. (2)
are perfectly compensated (∆kω−2ω,q

q (t) = 0), which happens at a critical ionization level. This
condition is achieved during a finite temporal window during which the harmonic signal builds
up constructively, which determines the number of attosecond pulses that are efficiently emitted.

In Fig. 3(c), we compare the calculated time-dependent coherence length for one-color (λR=775
nm, dashed line) and two-color (λR=775 nm, λB=387.5 nm, solid lines) driving fields in a 30
torr Ar-filled waveguide (a=75 µm). The peak intensity of the one-color driving field is chosen
to be 1.3 × 1014 W/cm2. The peak intensities for the two-color configuration are the same as
those used in the numerical simulations. In Fig. 3(c), we plot the time-dependent coherence
length for the 21st harmonic (Lω,H21

coh , dashed black) in the one-color configuration, whereas
for the two-color case we compare results for the 15th harmonic with nR=nB=5 ( Lω−2ω,H15

coh ,
solid red), the 18th harmonic with nR=nB=6 (Lω−2ω,H18

coh , solid green) and the 21st harmonic
with nR=nB=7 (Lω−2ω,H21

coh , solid blue). Note that there are many different photon combinations,
but for simplicity we have selected those where nR=nB. The appearance of different absorption
channels in phase-matching would be similar to that occurring in non-collinear [58, 59] or
vortex-combination [60] HHG schemes, but such an analysis lies beyond the scope of this
paper. The optimal phase-matching conditions are achieved if Lcoh > 5Labs (pink dot-dashed
line) where Labs is the absorption length [61]. One can clearly observe that introducing the
second-harmonic driver significantly reduces the phase-matching window from ∼ 4 optical cycles
of the fundamental IR field in the one-color configuration, to less than 1 optical cycle in the
two-color configuration, allowing for the generation of few attosecond bursts driven by multicycle
laser fields. We also performed numerical macroscopic HHG simulations by considering different
propagation lengths (L) in the gas-filled waveguide, the results of which are plotted in Fig. 3(d).
Indeed, the harmonic emission is confined to few attosecond bursts as the medium length is
increased to L=10 mm, in very good agreement with the analytical results presented in Fig. 3(c),
and with our experimental observations. We note that the gas-filled hollow waveguide is critical
for the generation of quasi-isolated attosecond pulses in this experiment, because it provides a
sufficiently long laser-medium interaction length (10 mm in our case) to ensure strong temporal
gating due to macroscopic phase matching. On the other hand, we believe similar temporal
gating can also be achieved in a gas cell with sufficient pressure and interaction length [33,62]
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Fig. 3. Quasi-isolated attosecond pulses generated via macroscopic two-color phase-matching
gating. a) The quasi-isolated attosecond pulses reconstructed using experimentally measured
spectra and phases for ϕRB ≈ 0. b) same as (a) for ϕRB ≈ 0.5π. c) Time-dependent coherence
length for a one-color (λR=775 nm, dashed line) and two-colors (λR=775 nm, λB=387.5 nm,
solid lines) HHG driven in a 30 torr Ar-filled waveguide. In the one-color case we represent
the coherence length of the 21st harmonic (33.6 eV, dashed black), whereas in the two-color
case we have selected the 15th harmonic (24 eV, red solid, corresponding to nR=nB=5), the
18th harmonic (28.8 eV, green solid, nR=nB=6), and the 21st harmonic (33.6 eV, blue solid,
nR=nB=7). The dot-dashed line represents 5Labs, where the absorption length is Labs =1
mm for 33.6 eV harmonics [63]. d) The attosecond pulse trains obtained from numerical
simulation with two-color driving fields at ϕRB=0. The results are calculated by considering
the 1D propagation in an Ar-filled waveguide with different interaction length (L= 1 mm, 5
mm and 10 mm). We can clearly distinguish that the number of attosecond bursts decreases
as L increases, due to the reduction of phase-matching window, consistent with the analytical
representation in (c). When L= 10 mm, only three attosecond pulses are isolated for HHG
emission, which is consistent with the experimental results shown in (a).

                                                                             Vol. 25, No. 23 | 13 Nov 2017 | OPTICS EXPRESS 28693 



particularly at low photon energy where low gas pressure can be used.

4. Controlling the sub-cycle structure of the HHG pulse train

By varying the relative delay between two drivers ϕRB, we can control the temporal structure of
the emitted HHG pulse train. This is clearly shown by the variation of the pulse train structures
(Fig. 3(a) and 3(b)) and the HHG phases (Fig. 2(b)) for different values of ϕRB. In Fig. 4a, we
plot the evolution of the FWHM duration of attosecond bursts as a function of ϕRB, while the
results obtained from numerical simulation are shown in Fig. 4b. Due to the complicated pulse
train structure in the time domain, especially when ϕRB = 0.5π, we calculate the duration of the
attosecond bursts (σ) obtained in experiments and simulations in a statistical way by defining the

mean-square-weighted deviation (MSWD) within one IR-light cycle (TR): σ2 =

∫ TR
0 w(t)(t−t0)2dt∫ TR

0 w(t)dt
,

where w(t) is the pulse-train envelope intensity and t0 =
∫ TR
0 w(t)×tdt∫ TR

0 w(t)dt
is the center-of-mass (COM)

of the attosecond pulse. For an ideal Gaussian pulse, σ is the RMS width. In Fig. 4(a), we find
that the attosecond burst reaches its shortest FWHM pulse duration (∆t ≈450 as) when the HHG
efficiency is highest at ϕRB ≈ 0, while the pulse width gradually increases when the HHG spectral
intensity exhibits a minimum at ϕRB ≈ 0.5π. This result is qualitatively reproduced by our
numerical simulations without any free parameters - regardless of the macroscopic propagation
distances (Fig. 4(b)) - indicating that it originates from the single-atom response of the two-color
driving laser fields.

To understand this dependence of the attosecond pulse duration and the HHG efficiency on the
relative delay between the IR and blue laser fields, we implement a semiclassical calculation
of electron trajectories. This allows us to extract the ionization and recombination times within
the IR optical cycle (pink and green dotted lines, respectively, in Figs. 4(d) and e as well as the
corresponding field strength at the moment of ionization and recombination for different ϕRB. In
the three-step model [23, 24], an atom undergoes tunnel-ionization as the electric field of the
laser reaches its maximum value (assuming the process is not saturated). In the quasi-static limit,

the ionization rate is given by the ADK model [55], which is proportional to exp(− 4
√

2meE
3
a

3e~ |Eion | ),
where Ea=15.8 eV is the ionization potential of argon, Eion is the field strength at the moment
of ionization, and me and e are the mass and charge of an electron, respectively. The value of
Eion depends on ϕRB and reaches the maximum value when ϕRB = 0.0, as shown in Fig. 4(c). At
the same time, the HHG efficiency reduces with the increase of the excursion time of ionized
electrons with longer trajectories, due to the dispersion of the wave packet [64, 65]. Comparing
the excursion times (τemit

m − τion
m with m =1, 2, 3), we find the excursion times for ϕRB=0.5π

(m =2, 3) is longer than that of ϕRB=0.0 (m =1). This further contributes to the reduction of HHG
efficiency when ϕRB=0.5π. Therefore, within the three-step model of HHG, the efficiency of
harmonic emission under the two-color driving configuration is controlled by the total ionization
rate, as well as the dispersion of the electron wavefunction during the excursion times.

On the other hand, the ionization and recombination steps are influenced by the symmetry of
the two-color driving field in the time domain. As shown in Fig. 4(c), when ϕRB = 0, the laser
field exhibits a single maximum in each IR optical cycle (τion

1 ). The field strength at the second
maximum is much lower ( 60% of the peak field strength) so that the corresponding electron
ionization probability is negligible. As a result, the attosecond EUV burst is only emitted in
the corresponding narrow recombination window around τemit

1 , as shown by the time-frequency
analysis [66] (see Fig. 4(d)), leading to the shortest HHG pulse duration. In contrast, when ϕRB =
0.5π, there exist two maxima with comparable field strength within each IR optical cycle (τion

2 and
τion

3 ), as shown in Fig. 4(c). Both maxima can induce ionization and subsequent recombination
events (τemit

2 and τemit
3 ), which gives rise to the HHG emission shown in Fig. 4(e), leading to
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Fig. 4. Controlling attosecond fields using two-color driving lasers. a) Experimentally
measured HHG intensity and FWHM pulse width of the attosecond bursts as a function of
ϕRB . b) Same as (a) obtained from the numerical simulation. The yellow-colored section
highlights the range of ϕRB probed in our experiments as shown in (a). c) The time-
dependent electric field contributed by the combined two-color driving fields with relative
phase between two fields at ϕRB = 0 and ϕRB = 0.5π. d) Time-frequency analysis for the
pulse train generated at ϕRB = 0 obtained from the numerical simulation. The electron
ionization (magenta open circles) and recombination times (green open diamonds) are
plotted and overlaid on the figure. Clearly, at ϕRB = 0 electrons recombine and harmonics
are efficiently generated only in a single time window (τemit

1 ) within every IR optical cycle,
corresponding to a single ionization time τion

1 (also see (c)). e) Same as the (d) for ϕRB

= 0.5π. Different from the situation when ϕRB = 0, the two-color fields drive electrons to
recombine and emit HHG photons in two time windows ( τemit

2 and τemit
3 ) every IR optical

cycle, which corresponds to ionization times τion
2 and τion

3 , respectively. This additional
ionization and recombination time window leads to additional attosecond temporal structure
in the HHG pulse trains driven by two-color laser field as shown in Fig. 3(b).

additional attosecond EUV bursts in the time domain (Fig. 3(b)).

5. Conclusion

In summary, we investigated attosecond waveforms driven by a two-color linearly polarized laser
field. Characterization of the HHG phases using interferometric laser-assisted photoelectron
spectroscopy revealed several new findings. First, we observe that the temporal window for
efficient harmonic emission is significantly reduced for a two-color driving field compared to a
one-color laser, shrinking to 450 as in duration using long (26 fs) driver pulses. A comparison
between our experimental data and numerical simulations confirmed that this effect is due to
enhanced macroscopic phase-matching gating in a two-color driving field, which decreases by a
factor of 4 compared to a one-color driving laser field. Finally, we demonstrated that the temporal
structure of the attosecond pulse trains can be controlled by adjusting the delay between the
two laser fields. These results show that two-color phase matching gating is a powerful tool for
tailoring attosecond waveforms, that does not require mid-infrared driving laser pulses.
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