
Journal of Physics B: Atomic, Molecular and Optical Physics

PAPER

All-optical spatio-temporal metrology for isolated
attosecond pulses
To cite this article: Lixin He et al 2022 J. Phys. B: At. Mol. Opt. Phys. 55 205601

 

View the article online for updates and enhancements.

You may also like
Enhancement of isolated attosecond pulse
generation by using long gas medium
Yueying Liang,  , Xinkui He et al.

-

On the mobility of vacancy clusters in
reduced activation steels: an atomistic
study in the Fe–Cr–W model alloy
G Bonny, N Castin, J Bullens et al.

-

Isolated attosecond pulse generation with
few-cycle two-color counter-rotating
circularly polarized laser pulses
Jin-Song Wu,  , Zheng-Mao Jia et al.

-

This content was downloaded from IP address 115.156.159.119 on 22/09/2022 at 04:14

https://doi.org/10.1088/1361-6455/ac8f01
/article/10.1088/1674-1056/ac29a8
/article/10.1088/1674-1056/ac29a8
/article/10.1088/0953-8984/25/31/315401
/article/10.1088/0953-8984/25/31/315401
/article/10.1088/0953-8984/25/31/315401
/article/10.1088/1674-1056/26/9/093201
/article/10.1088/1674-1056/26/9/093201
/article/10.1088/1674-1056/26/9/093201
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvlF3pmUOYCTojb0zYpMapKrvRs8VruzL38c57DtdVY6LKAeiwx3qN9S7wUE3fik3qskrdNgBB10eEdgix_0gdGLJNnJgffj2VlFJyZuhYeqbKnLNbyE_unqk6Bx84craVBbcydBT-JD92Sc5uNjA-oZMNaniG7RNGi_YyU3YhZjgBVBV5bCDKaa26Lh32m3B-oaQK-5WCe8qHCa6dD7i57cSVBoOZsteuLD6xDbAkhXxG8A7hGF8R9ZCltHm_0XHLMcUW4TQrxT2B-fNLhL-Ow5yITRyQsffpKrmOZfBkFjQ&sai=AMfl-YTENTQkwemwGBbS3c2L2b67WoGZhGLzTU6pBggZs0tgAvwDer5TD5U2Ndlr85XarMjLDiW82OpIWU_uiPU&sig=Cg0ArKJSzMnuupmlfHai&fbs_aeid=[gw_fbsaeid]&adurl=http://iopscience.org/books


Journal of Physics B: Atomic, Molecular and Optical Physics

J. Phys. B: At. Mol. Opt. Phys. 55 (2022) 205601 (9pp) https://doi.org/10.1088/1361-6455/ac8f01

All-optical spatio-temporal metrology
for isolated attosecond pulses

Lixin He1,2 , Jianchang Hu1, Siqi Sun1, Yanqing He1, Yu Deng1,
Pengfei Lan1,2,∗ and Peixiang Lu1,2,3

1 Wuhan National Laboratory for Optoelectronics and School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, People’s Republic of China
2 Optical Valley Laboratory, Hubei 430074, People’s Republic of China
3 Hubei Key Laboratory of Optical Information and Pattern Recognition, Wuhan Institute of Technology,
Wuhan 430205, People’s Republic of China

E-mail: pengfeilan@hust.edu.cn

Received 23 June 2022, revised 25 August 2022
Accepted for publication 31 August 2022
Published 20 September 2022

Abstract
Characterizing an isolated attosecond pulse (IAP) is essential for its potential applications. A
complete characterization of an IAP ultimately requires the determination of its electric field
in both time and space domains. However, previous methods, like the widely-used RABBITT
and attosecond streaking, only measure the temporal profile of the attosecond pulse. Here we
demonstrate an all-optical method for the measurement of the space-time properties of an IAP.
By introducing a non-collinear perturbing pulse to the driving field, the process of IAP
generation is modified both spatially and temporally, manifesting as a spatial and a frequency
modulation in the harmonic spectrum. By using a FROG-like retrieval method, the
spatio-spectral phases of the harmonic spectrum are faithfully extracted from the induced
spatio-spectral modulations, which allows a thorough characterization of the IAP in both time
and space. With this method, the spatio-temporal structures of the IAP generated in a
two-color driving field in both the near- and far-field are fully reconstructed, from which a
weak spatio-temporal coupling in the IAP generation is revealed. Our approach overcomes the
limitation in the temporal measurement in conventional in situ scheme, providing a reliable
and holistic metrology for IAP characterization.

Keywords: isolated attosecond pulse, spatio-temporal characterization, all-optical metrology

(Some figures may appear in colour only in the online journal)

1. Introduction

The advent of attosecond extreme ultraviolet/soft x-ray pulses
via high-order harmonic generation (HHG) is a milestone in
strong-field physics and attoscience [1–8], which has opened
up new avenues for accessing ultrafast electron dynamics
in atoms [9–12], molecules [13–15], and condensed matter
[16] on its natural time scale. HHG is a highly nonlinear
process during the laser-matter interaction [17–19], accom-
panying with complicated macroscopic effects in the propa-
gation [20–22]. Isolated attosecond pulses (IAPs) produced
by HHG generally have complex spatio-temporal structures,

∗ Author to whom any correspondence should be addressed.

which encode both the ångstrom-sized spatial features and
attosecond scale temporal features of the response of the mat-
ters to the laser field. A complete characterization of the IAP
in both time and space is critical not only for the develop-
ment of new attosecond light sources, but also for its appli-
cations in attosecond pump-probe experiments, as well as for
unraveling the physics underlying the laser-matter interaction
[23–25].

The complete characterization of an ultrashort IAP actu-
ally requires the determination of its spatio-temporal electric
field E(x, y, t), or its spatio-spectral counterpart Ẽ (x, y,ω).
To date, attosecond streaking technique [26, 27] has been
usually used to retrieve the temporal profile of an IAP from
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the streaked photoelectron spectrogram of atoms with the
(frequency-resolved optical gating for complete reconstruc-
tion of attosecond bursts) algorithm [28–31]. Several other
methods, such as the phase retrieval by omega oscillation fil-
tering [32], Volkov transform generalized projection algorithm
[33], the genetic algorithms [34–36], and the neural networks
[37, 38], have also been developed to overcome the theoret-
ical and experimental limitations in the attosecond streaking
technique, e.g., the assumption of central momentum approx-
imation and the high statistic noise in the streaking trace
due to the low photon flux of the attosecond pulse. How-
ever, all these temporal characterization approaches rely on
the conversion of the attosecond pulse into electron wave-
packets through photoionization of atoms, which have auto-
matically averaged the spatial structure of the IAP in the
measurement. Considering the possible significant space-
time coupling in the highly nonlinear generation process of
IAP [39, 40], the temporal measurement averaged over the
space will be inadequate in many cases. Although some
approaches, such as, the point-diffraction interferometry [41],
the spectral wavefront optical reconstruction by diffraction
[42], and the lateral shearing interferometry [43], have been
demonstrated for the spatial characterization of high-order
harmonics, none of them is compatible with the temporal
measurement.

On the other hand, an in situ method based on a weak
perturbation of the harmonic generation process by a second-
harmonic field that co-propagates with the fundamental beam
was introduced [44]. In this scheme, the temporal information
of attosecond pulse was decoded from the two-color delay-
dependent modulations of the generated even-harmonics.
Later on, Kim et al reformed this in situ method with the
weak perturbing beam propagating non-collinearly with the
driving beam [45]. This configuration built a spatial gating
as the two-color delay varies, allowing a synchronous mea-
surement of the spatial and temporal characteristics of the
attosecond pulse. However, in this in situ scheme, a linear
spectral group delay dispersions (GDD) of the emitted har-
monics were assumed and derived from the spatial modulation
of the far-field harmonic signals. More complex spectral phase
information, such as high-order dispersion in the IAP, is criti-
cal for the temporal measurement but is unavailable with this
scheme.

In this work, we demonstrate an improved in situ approach
for accurate measurement of the spatio-temporal structures
of an IAP. We find that in addition to the spatial modula-
tion, the utilization of the weak perturbing beam can also
lead to a frequency (temporal) modulation in the harmonic
generation as its time delay varies. With a method similar to
the phase retrieval of femtosecond laser with the frequency-
resolved optical gating (FROG) technique [46], the spatial and
spectral harmonic phases are successfully extracted from the
spatial and frequency modulations of the generated harmon-
ics, respectively. This allows us to build the spatio-spectral
connection of the harmonic phase and then achieve a com-
plete characterization of IAPs in both time and space. Our

method obviates the linear GDD approximation in conven-
tional in situ measurement [45], allowing an exact character-
ization of the IAP. With this method, we have demonstrated
a full spatio-temporal reconstruction of the IAP generated by
a two-color driving field in experiment. The spatio-temporal
coupling effect during the IAP generation is revealed from the
reconstructions.

2. Methods

2.1. Principle of the spatio-temporal characterization
of an IAP

For the spatio-temporal characterization of an IAP, we imitate
the spatially encoded in situ method in [45] by introducing
a weak perturbing beam to modify the HHG process both
spatially and temporally. In space, the perturbing beam could
alter the wavefront of HHG in the near-field, which, in turn,
will modify the far-field spatial distribution of the harmonic
spectrum. By scanning the time delay between the perturbing
and driving lasers, spatial modulations in the far-field distribu-
tions of the harmonics can been observed. In our experiment
(see figure 1(a)), the lasers have a transverse spatial distribu-
tion in the (x, y) plane normal to the propagation direction z.
Only the vertical component of the far-field pattern of the har-
monic spectrum is measured due to the use of an entrance slit
along the y direction. Based on the strong field approximation
theory [18, 44, 45], the spatial modulation induced by the
perturbation in our experiment can be approximated as

|Efar(ω, θ, τ )|2 ≈ |
∫

Enear(ω, y, τ )G(y − cτ/ϑ)eikωθy dy|2,

(1)
where Efar and Enear are spatially-resolved complex ampli-
tude of the harmonic with the frequency of ω in the far-
and near-field, respectively. The modulus squares of Efar and
Enear represent the distributions of the harmonic in space. y
is the spatial coordinate in the near-field, θ is the divergence
of the harmonic in the far-field, τ and ϑ are the time delay
and crossing angle between the perturbing and driving lasers,
respectively. kω is the wavenumber of the harmonic, c is the
speed of the light. G(y − cτ/ϑ) is a spatial gate induced by the
perturbing pulse, which represents the modifications in both
the amplitude and phase of Enear. Note that, in equation (1),
only the short quantum trajectory is considered due to its
better phase matching in our experiment. Besides, in our
experiment, an entrance slit along the y-axis was installed
(see below). We observe the far-field HHG pattern as a thin
vertical slice in the y direction after the harmonic beam passes
through the entrance slit. The horizontal component was not
observed in our experiment. So in equation (1), the angle
for the horizontal (x) direction has been set to zero. In this
case, reconstructing the spatial structure of the unperturbed
harmonics (Enear) is equivalent to solving the retrieval problem
of femtosecond laser pulses with the FROG technique [46],
where the unperturbed harmonics (Enear) is equivalent to the
‘pulse’ to be measured, and G(y − cτ/ϑ) is equivalent to the
‘gate’ in the FROG technique. In this work, we have used
the standard FROG algorithm, i.e., the widely-used principal
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Figure 1. (a) Schematic diagram of the experimental set-up for the spatio-temporal measurement of the IAP generated in a tow-color driving
field. BS, beam splitter; DM, dichroic mirror; DL, delay line; HWP, half-wave plate; WGP, wire grid polarizer. (b) Spatially-resolved
harmonic spectrum driven by the 1300 nm fundamental field alone. (c) Same as (b), but for the two-color driving field synthesized by the
1300 nm fundamental and 800 nm assistant laser fields. (d) On-axis harmonic spectra driven by the one-color (red line) and two-color
(blue line) laser field, respectively.

component generalized projection algorithm (PCGPA) [47], to
extract the unperturbed harmonics (Enear) and the spatial gate
G(y − cτ/ϑ) from the delay-dependent far-field patterns of the
harmonics. In the reconstruction, we first give random initial
guesses of the ‘pulse’ and ‘gate’ and suppose the ‘pulse’ and
‘gate’ are sampled with a constant spacing in time (or space).
Then the ‘pulse’ and ‘gate’ can be thought of as vectors with
the elements sampled at discrete times. With the vectors of the
‘pulse’ and ‘gate’, we can construct an outer product matrix of
these two vectors. A one-to-one transformation via permuta-
tions then converts the outer product into a time-domain trace
of the initial guess. By Fourier transforming each column of
the guessed time-domain trace and meanwhile applying the
experimental trace as an intensity constraint, we can obtain
a new frequency domain trace. The new frequency domain
trace is further transformed back to the time domain. With
an inverse of the outer-product-to-time-domain transform, an
outer product ‘form’ matrix is generated. The ‘form’ matrix
is further decomposed into a superposition of weighted outer
products by the singular value decomposition [47]. The vector
pair (outer product) with the largest corresponding weight is
the best rank one approximation of the outer product form
in the least squares sense, which is used as the initial val-
ues for the next iteration. The above process is repeated
until the RMSE between the generated and measured trace
reaches 10−6.

The second step is to determine the temporal properties
of the IAP. In this regard, it needs to know the relative
spectral phase of the whole spectrum. In [45], this relative
spectral phase has been defined as the linear group delay in
HHG, and was directly acquired from the delay-dependent
spatial modulations of harmonics with different photon ener-
gies. This manner ignores more complex phase information
in the IAP, which will limit the accuracy of the temporal
measurement. Here we demonstrate an improved method for
accurate temporal measurement. We find that, in addition to
the spatial modulation, the introduced weak perturbing pulse
can also lead to a modulation in the HHG process in the time
domain, i.e.,

d(t, τ ) = d0(t)g(t, τ ) + c.c. (2)

where d0(t) denotes the dipole moment without the perturba-
tion, g(t, τ ) is the modulation induced by the perturbing pulse.
In previous works [44, 48], it was usually assumed that the
weak perturbing pulse will not affect the ionization process,
but mainly perturbs the free electron’s actions in the laser
field. Then the induced modulations can be approximated as
g(t, τ ) = e−iσ(t,τ ), where σ(t, τ ) is the additional phase induced
by the perturbing pulse. In this work, the influences of the per-
turbing pulse on both the dipole amplitude and phase have been
taken into account. That means g(t, τ ) in our reconstruction is
a complex-valued quantity. The harmonic spectrum then can
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be obtained by

S(ω, τ ) = ω4|
∫

d0(t)g(t, τ )eiωt dt|2. (3)

Equation (3) indicates that the weak perturbing pulse intro-
duces a temporal phase gate in the harmonic generation, which
will lead to a frequency modulation in the harmonic spectrum.
Reformulating equation (3), we can get

S(ω, τ )
ω4

= |
∫

d(t, τ )eiωt dt|2 = |
∫

d0(t)g(t, τ )eiωt dt|2. (4)

Equation (4) is also equivalent to the equation used in FROG
technique. With the PCGPA method mentioned above, we can
also retrieve the unperturbed complex dipole moment d0(t)
and then the spectral phase from the frequency-modulated
harmonic spectra. With both the spatial and spectral phases
reconstructed, we can then achieve a full characterization of
the IAP in both time and space.

2.2. Experimental method

In our work, to obtain an IAP, we adopted a two-color driving
field, which is synthesized by a 1300 nm fundamental field and
an 800 nm assistant field, to generate high-order harmonics.
A schematic diagram of the experimental setup is shown in
figure 1(a). To be specific, the output of a commercial Ti:
sapphire laser system (Astrella-USP-1K, Coherent, Inc.),
which delivers 33 fs, 800 nm pulses at a repetition rate
of 1 kHz, with the maximum pulse energy of 7 mJ, was
divided into three beams by two 30% reflection beam splitters
(BS1 and BS2). The transmitted beam P1 after BS1 with the
energy of 4.9 mJ was employed to pump an optical paramet-
ric amplifier (TOPAS-Prime-Plus, Coherent) to generated a
60 fs, 1300 nm fundamental driving laser. The transmitted
800 nm laser P2 after BS2 was recombined with the 1300 nm
laser by a dichroic mirror as an assistant field to synthe-
size the two-color driving field. A motorized delay line was
installed in the arm of P2 to control the relative phase of the
two-color field.

A weak 800 nm laser P3 reflected by BS2 was introduced as
a perturbing beam to modify the HHG process. The two-color
driving field and the perturbing beam were recombined by
BS3 and focused non-collinearly (the crossing angle is about
15 mrad) onto a gas jet to generate high-order harmonics by a
f = 20 cm concave mirror. The diameter of the focal spot is
estimated to be 60μm. In our experiment, we chose argon atom
as the prototype to demonstrate our scheme. The background
gas pressure is about 20 Torr. The gas jet is placed at 1 mm
after the laser focus to ensure the phase matching of the short
quantum trajectory. A wire grid polarizer (WGP) was inserted
after BS3 to ensure the same polarization direction of all these
pulses. In combination with the WGP, two half-wave plates
(HWPs) were installed in the arms of P2 and P3 to adjust their
intensities. A pair of wedges were installed in the arm of P3
to adjust the time delay between the perturbing pulse and the
two-color field.

The generated high-order harmonics were detected by a
homemade flat-field soft x-ray spectrometer, which consists of

a 0.2 mm-wide, 15 mm-height entrance slit, a flat-field grating
(1200 grooves mm−1), and a microchannel plate backed with
a phosphor screen. A charge-coupled device camera is used to
record the spectrally resolved images.

3. Results and discussion

Figure 1(b) plots the measured far-field pattern of the harmonic
spectrum driven by the 1300 nm fundamental laser alone.
One can see clear discrete odd harmonics with the photon
energy up to 45 eV [47th harmonic (H47)] in the spectrum
(see red line in figure 1(d)). While in the two-color driving
scheme, by optimizing the intensity and relative phase of the
800 nm assistant field with respect to the 1300 nm fundamental
field, a smooth supercontinuum in the region of 33–45 eV
is obtained (see figures 1(c) and (d)), which can support the
generation of an IAP in the experiment. The discrete and
continuous harmonics in the one-color and two-color laser
field can be well understood by the classical simulations (not
presented here) based on the three-step model [17]. In the
one-color laser field, the harmonics are generated within each
half optical cycle. The interference of the each half cycle
radiation thus leads the discrete harmonics in the spectrum.
Moreover, in the one-color field, the maximum photon energy
of half-cycle radiation that contributes to harmonic cutoff is
very close to that of its adjacent half-cycle radiations. Thus
it is difficult to generate a continuous spectrum in the one-
color field. While in the two-color field, the energy difference
between the highest and its adjacent half-cycle radiations is
enlarged by the 800 nm assistant field. Moreover, after the
macroscopic propagation, the short trajectory of the highest
radiation is selected. Thus a continuous spectrum is generated
in the energy range (33–45 eV) in our two-color experiment.
Small modulation that appears in the range of 13–33 eV is
due to the existence of satellite radiations beside the main
pulse as in [49, 50]. Moreover, as shown in figure 1(d), the
HHG yield in the two-color field (blue line) is visibly enhanced
(by ∼5 times) compared to that in the one-color field (red
line). This, on the one hand, is due to the increase of the
ionization rate induced by the 800 nm assistant field. On the
other hand, in the two-color field, the released electrons spend
shorter time in the continuum, which reduces the wave-packet
spreading in the HHG process. Such a trajectory shortening
effect will also contribute to the increase of the HHG yield
[51, 52].

Figure 2(a) shows the far-field spatial distributions of H35
measured in the two-color laser field as a function of the time
delay between the perturbing and driving laser pulses. One
can see clear modulations in the far-field distribution of the
harmonic as the time delay varies. According to equation (1),
the unperturbed complex harmonic amplitude in the near-field
as well as the spatial gate induced by the perturbing beam can
be uniquely extracted from the FROG-like trace in figure 2(a)
by using the PCGPA method.

Figure 2(b) displays the PCGPA reproduction of the far-
field pattern of H35 as a function of time delay of the per-
turbing pulse. The result agrees well with the experimental
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Figure 2. (a) Far-field spatial distribution of H35 as a function of time delay of the perturbing laser. (b) Same as (a), but for the PCGPA
reconstruction. (c) Reconstructed near-field distribution of the intensity (blue line) and phase (red line) of H35. (d) Reproduced far-field
intensity (blue line) and phase (red line) of H35. The cyan dashed line plots the measured far-field intensity of the unperturbed H35 for
comparison.

measurement shown in figure 2(a). Figure 2(c) plots the recon-
structed distributions of the intensity (blue line) and phase
(red line) of the unperturbed H35 in the near-field. With the
reconstructed near-field result, we can further obtain the far-
field distribution of the unperturbed harmonic in terms of

Efar(ω, θ) =
∫

Enear(ω, y)eikωθy dy. (5)

The reconstructed far-field results are plotted in figure 2(d).
For comparison, we have also performed HHG experiment
without the perturbation. The measured far-field distribution
of the intensity of H35 is plotted as the cyan dashed line in
figure 2(d), which shows good agreement with the reconstruc-
tion (blue solid line), proving the validity of our reconstruction.
Repeating the above procedure for each photon energy, we can
then achieve the spatial measurement of both the amplitude
and phase of the whole harmonic spectrum in both the near-
and far-field.

Secondly, we demonstrate the temporal measurement of
the generated IAP. To this end, it requires to determine the
relative spectral phase of the whole harmonic spectrum. Our
method relies on the frequency (temporal) modulation induced
by the perturbing laser in the harmonic generation. As shown
in figure 3(a), by scanning the time delay between the perturb-
ing and driving laser fields, one can see clear modulations in
the 2D spectrogram of the far-field on-axis harmonic spec-
trum. Similar result is also found for the harmonic spectra
at other spatial positions (not presented here). According to
equation (4), we can retrieve the unperturbed complex har-
monic dipole moment d0(t) and then the spectral phase of the

harmonic spectrum from the measured 2D spectrogram trace
by using the PCGPA method.

In figure 3(b), we plot the PCGPA reproduction of the
spectrogram trace of the far-field on-axis harmonic spectrum.
As shown, the reconstruction agrees well with the measure-
ment in figure 3(a). Figure 3(c) displays the reconstructed
unperturbed spectral intensity (blue solid line) and phase
(red dotted line) of the on-axis harmonic spectrum in the far
field. The reconstructed spectral intensity is also in good agree-
ment with the unperturbed measurement (cyan dashed line).
In the supercontinuum, with the photon energy varying from
33 eV to 47 eV, the harmonic phase has changed by 0.75 rad,
corresponding to a 320 as difference in the emission times of
these harmonics. Besides, one can see that the spectral phase is
irregular in the energy range from 13 eV to 33 eV. This compli-
cated phase variation mainly arises from the interference of the
multiple half-cycle radiations in this energy range, which devi-
ates far from the linear group delay defined in [45], indicating a
complex dispersion in this energy range. This complex disper-
sion cannot be measured with the method in [45]. By connect-
ing the retrieved spectral phase and the spatial reconstructions
above, the intensity and phase of the far-field harmonics then
can be fully determined in the whole space. The near-field
result can also be obtained by performing inverse Fourier
transform of the far-field result. Note that the relative spectral
phase in principle can be retrieved from the harmonic spectrum
measured at each spatial position in the far-field. Owing to
the experimental errors in the measurement, the phase con-
nection built at different spatial positions may be discrepant.
In this work, we have retrieved the spectral phase from the
far-field harmonic spectra in the range from −0.5 to 0.5 mrad,

5



J. Phys. B: At. Mol. Opt. Phys. 55 (2022) 205601 L He et al

Figure 3. (a) On-axis harmonic spectra measured in the two-color driving field as a function of time delay of the perturbing laser. (b) Same
as (a), but for the PCGPA reconstruction. (c) Reproduced intensity (blue solid line) and phase (red dotted line) of the unperturbed on-axis
harmonic spectrum in the far-field. The cyan dashed line plots the far-field on-axis harmonic intensity measured without the perturbation for
comparison.

and then optimized the spatio-spectral phase connection from
the retrievals by minimizing the difference between the mea-
surement and the reconstruction with a surrogate-based opti-
mization algorithm [53]. Figure 4 shows the reconstructed
distributions of the harmonic intensity (figures 4(a) and (c))
and phase (figures 4(b) and (d)) in both the far- and near-field.

With the reconstructed harmonic amplitudes and phases in
figure 4, we can finally achieve a spatio-temporal measurement
of the IAP by superposing the harmonics in the supercontin-
uum (33–47 eV) coherently. Figure 5(a) shows the electric
field of the far-field attosecond pulse as a function of the time
and position. The inset plots the spatio-temporal profile of the
pulse intensity. The pulse duration of the on-axis emission is
measured to be 270 as (figure 5(b)). The results in the near-field
are also shown in figures 5(c) and (d). The duration of the
on-axis attosecond pulse in the near-field is about 243 as,
which is slightly shorter than the far-field result.

For a quantitative characterization of the spatio-temporal
structure of the generated IAP, we have further calculated the
normalized spatial chirp ρyω of the IAP in both the near- and

far-field in terms of [54, 55]

ρyω =

∫∫
yωI(y,ω)dy dω√∫∫

y2I(y,ω)dy dω
∫∫

ω2I(y,ω)dy dω
, (6)

where I(y,ω) denotes the spatio-spectral distribution of the
harmonic intensity in figures 4(a) and (c). Similarly, the nor-
malized pulse front tilt ρyt is also evaluated from the spatio-
temporal distributions I(y, t) of the IAP in figures 5(a) and
(c) according to

ρyt =

∫∫
ytI(y, t)dy dt√∫∫

y2I(y, t)dy dt
∫∫

t2I(y, t)dy dt
. (7)

The normalized spatial chirp ρyω of the IAP generated in the
near- and far-field in our two-color experiment are calculated
to be −0.006 and 0.034, respectively. The normalized front
tilts retrieved for the near- and far-field IAP are −0.023 and
0.014. Both the spatial chirp and front tilt of the generated IAP
are very small, indicating a weak spatio-temporal distortion of
the IAP in our experiment. The slight difference between the
near- and far field results reveals a weak spatio-temporal cou-
pling during the macroscopic propagation in our experiment.
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Figure 4. (a) and (b) Spatially-resolved far-field harmonic intensity (a) and phase (b) reconstructed from the measurement. (c) and (d) Same
as (a) and (b), but for the near-field result.

Figure 5. (a) Spatio-temporal profiles of the electric field of the attosecond pulse in the far-field obtained by synthesizing harmonics in the
energy range from 33 eV to 47 eV. The inset shows the corresponding spatio-temporal distribution of the intensity of the attosecond pulse.
(b) Temporal profile of the on-axis attosecond pulse in the far field. (c) and (d) Same as (a) and (b), but for the near-field result.
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It can be expected that the spatio-temporal coupling will be
more prominent for a highly-ionized dense gas medium, where
the nonlinear propagation effect becomes more significant
[39, 40]. In this case, the driving laser may be severely
distorted by the propagation effects. Then the single-atom
dipole d0(t) in equations (2)–(4) will be modified. Since our
reconstruction method is based on the modulations induced
by the perturbing pulse in both time and space, although the
single-atom dipole is modified, the modulations induced by
the perturbing pulse can still hold after propagation. Thus
our reconstruction method can still work. But the retrieved
harmonic dipole should be the modified one induced by the
distorted driving laser.

4. Conclusion

In conclusion, we have introduced an all-optical in situ method
for the complete spatio-temporal characterization of IAPs.
Our scheme relies on the weak perturbations induced by the
perturbing laser on the HHG process in both time and space,
which results in a spatial and also a frequency modulation
in the far-field harmonic spectrum. From these modulations,
the spatial and spectral phases of the harmonics can be accu-
rately extracted by using a FROG-like method. With this
method, the spatio-temporal distributions of the IAP generated
in a two-color driving field have been fully characterized in
both the near- and far-field in experiment, from which the
spatio-temporal coupling effect during the IAP generation
is evaluated. This all-optical approach has a high efficiency
in the data collection, thus can be applied to characterize
the IAP generated in the experiment with a low-repetition-
rate laser source, where the acquisition of a photoelectron
spectrum is usually time-consuming due to the space charge
effects [56]. Moreover, our method is not restricted by the
bandwidth of the harmonic spectrum. Since the bandwidth of
the continuous harmonic spectrum in our experiment is con-
fined by the laser conditions, we have performed simulations
with a few-cycle mid-infrared laser pulse to generated broad-
band harmonic supercontinuum. Based on the simulations,
we demonstrate that our proposed method can also be well
used to characterize broadband IAPs with pulse durations less
than 50 as.
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