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Attosecond pulses produced by high-order harmonic generation in gases driven by intense laser fields
have become a cornerstone technique for probing ultrafast electronic motion in matter. These applications
require a good knowledge of the temporal and spectral properties of the emitted radiation. In this
work, we generate a train of 2 to 3 attosecond pulses that we characterize using 2-color laser-assisted
photoionization. An unexpected spectral behavior, with more pulses at high energies than at low energies,
is observed when the carrier-to-envelope phase of the laser field is changed by 90°. High-order harmonic
generation simulations indicate that the time-dependent phase matching of the harmonics contributes in
a nontrivial way to the structure of the pulse train. Two-color laser-assisted photoionization enables us to
unravel the dynamical influence of subcycle phase matching on the spectral properties of the attosecond
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pulse train, going beyond the predictions of the response of a single atom to a strong laser field.

Introduction

The generation of high-order harmonics of an intense laser in
gas targets [1,2] has enabled the production of attosecond pulses
of light in the extreme-ultraviolet (XUV) range [3,4]. The pro-
cess depends on the highly nonlinear interaction of the intense
laser with an isolated atom (or a molecule)—a microscopic effect
known as the single-atom response [5-7]—and the in-phase
propagation of the generated XUV radiation and the driving
laser field—a macroscopic effect called phase matching [8-10].
In general, the properties of the attosecond pulses depend on
the interplay between the single-atom response and propagation
effects, which influences the efficiency, coherence, and spatio-
temporal structure of the XUV emission [11-14]. The impact
of the reshaping of the fundamental field on high-order har-
monic generation (HHG) has also been pointed out for high
laser intensities [15-19].

The generation of high-order harmonics is due to the inter-
ference of attosecond pulses (temporal slits) created in the
subcycle light-matter interaction [20], similar to the emission
of electrons in above-threshold ionization (ATI), due to the
interference of attosecond electron wave packets [21]. In HHG,
the harmonics are separated by twice the laser photon energy,
while in ATT, the detection breaks the inversion symmetry, and
electron energy peaks are separated by the laser photon energy.
When the laser pulse is short (<10 fs), the number of slits is
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small and the spectral range of the attosecond pulses differ from
one half-cycle to the next. In the single-atom response, this
spectral range can be obtained simply from the cutoff law
[7,22], as shown schematically in Fig. 1.

Attosecond pulses can be temporally characterized using laser-
assisted photoionization schemes such as streaking [4,13,23] and
RABBIT (reconstruction of attosecond beating by interference of
2-photon transitions) [3,24]. In these schemes, electron spectra
are measured as a function of the delay between the XUV radiation
and a phase-locked infrared (IR) field. In streaking, the electron
energy oscillates and the temporal properties can be obtained from
the amplitude and contrast of these oscillations [25]. In RABBIT,
the absorption/emission of an additional IR photon leads to addi-
tional peaks, called sidebands, and the temporal properties of an
average attosecond pulse in a train can be obtained from the phase
of the sideband oscillations [3,26]. In both cases, retrieval methods
taking advantage of the entire spectrum as a function of delay have
been successfully developed [25-31].

In this work, we create attosecond pulse trains (APTs) using
few-cycle laser pulses, with a stable carrier-to-envelope phase
(CEP), focused in a gas of argon atoms. Due to the short laser
duration (<6 fs), the APTs contain a few attosecond pulses [20]
and their number depends on the CEP of the driving laser. We
characterize these APTs by laser-assisted photoionization of
helium using a 3-dimensional momentum spectrometer [32].
For certain CEP values, the spectrograms, which are the
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Fig. 1. (A) lllustration of the spectral content of attosecond pulses (temporal slits) generated in each half-cycle of a short laser pulse, shown in (B). Each color (purple, blue,
and orange) refers to a specific pulse, with a unique cutoff energy E... The pattern resulting from the interference is shown in gray.
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Fig. 2. (A) Schematic of the experimental setup. Laser pulses from a Ti:sapphire oscillator are amplified using 2 nonlinear optical parametric amplification (NOPA) stages. The
relative carrier-to-envelope phase (CEP) of the output pulses is controlled shot to shot through the feedback of a stereo above-threshold-ionization (SATI) device to a wedge
pair in the oscillator [33]. The CEP-controlled pulses are separated into a probe arm and a variably delayed pump arm by a beam splitter (BS). Short attosecond pulse trains
are produced by the infrared (IR) driving field using high-order harmonic generation (HHG) and recombined with the probe before being focused into the sensitive region
of a 3-dimensional electron spectrometer. (B) The controllable relative CEP Agggp of the <6-fs laser pulses. (C) Momentum projected along p, and p, of the photoemitted
electrons. The electrons can be distinguished between those emitted with p, > 0 (“up”) and those emitted with p, < 0 (“down”), where z is the axis along the detector and of
the polarization of the light. AF, aluminum filter; RM, recombination mirror; MCP, microchannel plate.

electron energy spectra as a function of delay, exhibit features
that cannot be explained by the structure of the APTs predicted
by the single-atom response alone. This is confirmed by a time-
frequency analysis of the APTs retrieved from the experimental
data [27,30]. Supported by 3-dimensional simulations and a
1-dimensional model, we show that the temporal properties of
the APTs are also influenced by time-dependent phase match-
ing in the nonlinear medium, with, in some cases, a non-
trivial number of pulses as a function of the XUV energy. This
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experimental and theoretical study emphasizes the importance
of subcycle phase matching for the accurate prediction and
manipulation of the properties of attosecond light pulses.

Methods

The experiment, shown in Fig. 2, was performed using an opti-
cal parametric chirped pulse amplification system, providing
sub-6-fs-long pulses at a central wavelength of 850 nm with up
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to 10-pm pulse energy at a repetition rate of 200 kHz [32]. A
stereo-ATI setup installed in the beam path stabilized the CEP
on a shot-to-shot basis, providing stability of around 160 mrad
(corresponding to a precision of 10°) [33]. Furthermore, the
CEP was controlled by a wedge pair in the oscillator (not shown
in the schematic). The laser beam was then split into a pump
(XUV) and a probe (IR) arm by a beam splitter. In the pump
arm, the beam was tightly focused (beam waist w, = 5 pm and
Rayleigh length z; ~ 100 pm) into a thin argon gas jet (~36-pm
length) at a pressure of 4 bar, reaching an intensity of ~1.5 X
10" W/cm? to generate a comb of phase-locked odd-order har-
monics. The low-order harmonics, below ~15 eV, and the gen-
erating field were filtered out with an aluminum foil of 200 nm.
The XUV pump was recombined with the probe using a holey
mirror (recombination mirror). The delay 7 between the XUV
and the IR in the probe arm could be controlled using a delay
stage in the pump arm. Once recombined, both fields were
focused by a toroidal mirror into a helium gas target; the probe
intensity was estimated to be ~10'" W/cm?. A reaction micro-
scope was used to measure the 3-dimensional momentum of the
photoelectrons created by the absorption of the XUV-only or the
XUV + IR radiation. In our experiments, the delay between the
XUV light and the IR probe was scanned for different CEP
settings. Changing the CEP allowed us to vary the number of
pulses in the train, typically between 2 and 4 [20].

Results and Discussion

Figure 3A and C presents photoelectron spectra as a function
of the delay for 2 different CEP values separated by 90°. In the
figure, only electrons emitted in a solid angle of + 2z sr (“up”)
along the common polarization axis of XUV and IR fields are
shown (see Fig. 2) [20]. At large delays, when the fields do not
overlap, the photoelectron peaks are separated by a kinetic
energy of 27w (7 is the reduced Planck constant, and w is the
laser frequency) due to single-photon ionization by the comb
of harmonics. At delays where the XUV and the IR overlap,
additional features form, which depend on the kinetic energy
and the CEP. Above 10 eV in Fig. 3A and between 7 and 10 eV
in Fig. 3C, the kinetic energy of the photoelectrons oscillates
as a function of the delay with a periodicity equal to the laser
period ~2.6 fs. In other spectral regions, additional electron
peaks are observed at kinetic energies between those due to the
absorption of consecutive harmonics. In particular, in Fig. 3C,
the pattern looks like a “chessboard” over a large energy range
from 12 eV to the highest observed energy. This remarkable
energy dependence comes from the small number of attosec-
ond pulses in the train. Oscillations arise from the interference
between 2 electron wave packets, similar to a double-slit experi-
ment [20]. The additional electron peaks are due to the interfer-
ence of more than 2 electron wave packets, leading to sidebands,
similar to RABBIT measurements performed with multiple-
cycle pulses [3,24].

In the Supplementary Materials, we also show the spectra
obtained by collecting electrons emitted in the opposite direction
(“down”) in Fig. S1. The results are very similar to Fig. 3A and C,
except that the positions of the maxima and minima of the oscil-
lations are shifted by half a laser period [20]. Consequently; collect-
ing electrons over the full solid angle removes the CEP-dependent
features. We note that the behavior of the photoelectron spectra
does not vary much with angle in each hemisphere.
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Fig. 3. (A and C) Experimental photoelectron spectra as a function of the extreme
ultraviolet (XUV)-infrared (IR) delay for 2 different carrier-to-envelope phase (CEP)
values separated by 90°. Only electrons photoemitted in the upper hemisphere around
the polarization axis of the light fields are shown. (B and D) Wigner distributions of
the attosecond pulses retrieved from the experimental spectrograms through the
refined extended ptychographic iterative engine (rePIE) [28].

In the single-atom response, illustrated in Fig. 1, the minimum
driving field intensity I, ;;; (¢) required for a harmonic order g to
reach the plateau region can be obtained from the cutoff law,
qhw = I, + 3.17U,, where I, is the ionization energy of argon

and U,, is the ponderomotive energy equal to ahl/ (mea)z ) In

this expression, « is the fine structure constant, I is the laser inten-
sity, and m, is the electron mass. This intensity, expressed as

2
_ mw B
Inin(4) = 33707 (qhw IP)’ W

increases linearly as a function of the harmonic order gq. For our
few-cycle pulses (<6 fs), this implies that the highest-order har-
monics are generated only during a few half-cycles of the elec-
tric field at the center of the pulse. Consequently, the number
of attosecond pulses in the train depends on a chosen spectral
range. It decreases as the central photon energy increases. With
our ultrashort pulses, only 2 half-cycles (or less) reach the inten-
sity for the generation of the highest orders. On the other hand,
lower-order harmonics are generated over many half-cycles.
The above argument would always result in RABBIT-like fea-
tures at low photoelectron kinetic energies and an oscillatory
pattern (streaking-like pattern) at higher photoelectron ener-
gies, for any CEP. From these arguments, the experimental
observation in Fig. 3C cannot be explained.

To understand the temporal structure of the APTs, we apply
the refined extended ptychographic iterative engine [27,28,30],
described in the Supplementary Materials. The retrieved spectro-
grams are in good agreement with the experimental ones, as shown
in Fig. S2 of the Supplementary Materials. We describe the proper-
ties of the APTs using the Wigner distribution, defined as

+o00
— 2 T\ —-iQr
W(t,Q)—J Eapr (143 )Expr(1=3 ) ¥ ar,

-0

()
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where Q is the XUV frequency and £, py is the XUV field. The
advantage of using the Wigner distribution compared to other
time—-frequency representations is that the spectral and tem-
poral resolution is limited only by the uncertainty principle.
Figure 3B and D shows the Wigner representations for the APTs
retrieved from the experimental results in Fig. 3A and C. Figure
3B shows essentially 3 pulses at low energies and 2 pulses above
12 eV. In comparison, Fig. 3D shows 2 dominating pulses up
to 10 eV and 3 pulses at higher energies. The observed spectral
variation of the structure of the APT cannot be explained by
considering only the single-atom response.

We performed advanced HHG simulations that account for
both microscopic and macroscopic effects. Specifically, we com-
pute the far-field harmonic emission by solving the Schrédinger
equation within the strong field approximation (SFA) [6] and
by including the propagation and absorption of the funda-
mental and harmonic fields in a thin nonlinear medium while
accounting for the longitudinal phase matching of the XUV
radiation [34]. This calculation goes beyond the slowly varying
envelope approximation, including in particular subcycle ion-
ization dynamics with the Yudin-Ivanov CEP-dependent
model described in Ref. [35]. The driving laser field is defined
as E(t) = Eyf (t)exp [i (wt+@cgp )], where E, is the amplitude of

the electric field, f(t) = sin®(xt/ tp) (for0 <t <t), and cpp
is the CEP. We perform a systematic study of HHG as a function
of pressure, intensity, pulse duration, and focusing conditions.
We find that our observations are well reproduced for the
parameters corresponding to the experimental ones (see the
methods section). An exception is the pulse duration, which is
chosen to be 4.85 fs, slightly less than the experimental estima-
tion (~6 fs). In these conditions, the ionization degree is rela-
tively small, typically a few percent. Ground-state depletion is
negligible, and the driving laser is not substantially reshaped
during propagation. The single-atom response can be considered
to be uniform throughout propagation in the gas; see Section 5.3
of the Supplementary Materials. The calculated APTs are then
used to simulate laser-assisted photoionization spectra using
SFA. The results shown in Fig. 4A and C, using CEPs of 70° and
160°, reproduce the experimental trends. The Wigner representa-
tions in Fig. 4B and D are similar to those obtained from the
retrieved APTs (see Fig. 3), showing the same number of pulses
across the different energy regions and an overall good agree-
ment with the experiment. A noticeable difference is the tilt
observed in the simulation due to the attosecond chirp [24]. The
absence of tilt in the experiment likely originates from the alu-
minum filter, which compensates for the attosecond chirp [26].
The effect of the spectral phase variation due to photoionization
is here negligible. These theoretical results confirm that CEP-
dependent macroscopic effects influence in a nontrivial way the
spectral content of the individual attosecond pulses.

To gain insight into the influence of macroscopic eftects on
the pulse train, we developed a one-dimensional model of time-
dependent harmonic phase matching, including subcycle varia-
tions. The total phase mismatch Ak (g, t)depends on the medium
properties and on the laser parameters and can be written as [10]

Ak(g,t) =Akfoc(q)+Akat(q)+Akdip(q,t)+Akfe(q,t), (3)
where Akg, (q) =—q/z, comes from the laser focusing

(through the variation of the Gouy phase over the Rayleigh
length z,), Ak, (q) is due to the dispersion of the neutral
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Fig. 4. (A and C) Photoionization spectrograms as a function of the kinetic energy
of the electrons and of the extreme ultraviolet (XUV)-infrared (IR) delay simulated
using the 3-dimensional model. (B and D) Wigner representation of the simulated
attosecond pulse trains. The carrier-to-envelope phases (CEPs) are (A and B) 70°
and (C and D) 160°.

medium, Akdip(q,t) comes from the dipole phase with the
time-dependent intensity taking into account only the short
trajectory contribution, and Akg(g,t) & — gpne(t) is due to
the free electrons and depends on the time-dependent ioniza-
tion degree #¢(¢). The ionization degree is often estimated using
a cycle-averaged approximation [10,36,37]. Here, we account
for the subcycle variation of the ionization degree, allowing us
to include CEP effects. In addition, we neglect the CEP slip
across the focus as the medium length is small compared to the
Rayleigh length.

Figure 5A and C shows the temporal variation of Ak(g,t)
for 5 harmonic orders and 2 CEPs equal to 70° and 160°.
Ak(qg,t) strongly varies with time and for the different orders.
The steps reflect the variation of Akg, (g,t) through the ioniza-
tion rate. The difference in heights between the curves comes
from the q dependence of the atomic dispersion Ak, (q) and

the dipole phase Akg;, (g,t). Perfect phase matching (Ak = 0)
is in general achieved only during a short time, less than one
laser period, leading to temporal confinement of the harmonic
emission. This time interval, in the conditions examined in the
present work, moves to a later time as the harmonic order
increases. At a CEP of 70°, phase matching, corresponding to

|Ak(q, t) ' <0.03 pum~L is achieved simultaneously for all har-

monics. At a CEP of 160°, it is achieved at a later time and dif-
ferently for harmonics 17 to 21 and harmonics 23 to 25.

For on-axis propagation in a uniform gas density, the inten-
sity of the gth harmonic field at the exit of the medium can be
expressed as [38,39]

5 cosh [KqL] —cos [Ak (9, t)L]

I(g.t d(g,t gk
(9.6) o [od(a.1)] K2+ AK2(q.1) .

(4)
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Fig. 5. (A and B) Total phase mismatch as a function of time in units of the laser period (T\g) for 4 harmonic orders g for the carrier-to-envelope phases (CEPs) corresponding
to Fig. 3B. The horizontal black dashed line corresponds to perfect phase matching. (C and D) Corresponding yield for each harmonic order g. The CEPs are 70° (top) and 160°

(bottom). Dashed lines indicate the temporal profile of the single-atom response.

where d(g, t) is the dipole moment obtained by using an effec-
tive power law dependence (d)? « I%%) [10], p = 8.8 kg /m3
is the experimental gas density, L = 36 pum is the medium
length, and k is the absorption coefficient [40]. The laser spa-
tiotemporal properties are assumed constant throughout the
interaction length since reshaping effects were found negligible
(see the Supplementary Materials). The spectrograms simulated
using this model, shown in Fig. S4 of the Supplementary
Materials, reproduce the experimental observations, in contrast
to those obtained with the single-atom response (see Fig. S5).

Figure 5B and D presents the harmonic intensity as a func-
tion of time for different harmonic orders and CEPs equal to
70° and 160°. In this model, the single-atom response leads to
a temporal dependence « I>(¢) for all harmonics, shown in
dashed lines, while the inclusion of phase matching adds a sub-
cycle g-dependent modulation of the temporal profile following
the variation of Ak(g,t) (see Fig. 5A and C). We observe that
phase matching leads to a temporal confinement of the high-
order harmonics. At a CEP of 160°, harmonics 23 and 25 are
generated after the maximum intensity of the driving pulse and
temporally confined to less than a half-cycle. In contrast, at 70°,
all harmonics appear before the maximum intensity and are
generated over a longer time. CEP-dependent phase matching
changes the relative strength and duration of the attosecond
pulses, depending on the spectral region, as observed in our
experimental and theoretical results (see Figs. 3 and 4). In XUV
tar-field spectra, variations in the number of slits can be
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observed with pressure, as shown in Fig. S6 of the Supplementary
Materials. While this model provides a valuable insight into
the influence of phase matching on the spectro-temporal struc-
ture of the attosecond pulses, it cannot describe the details of
the complex 3-dimensional spatiotemporal dynamics of the
generation process.

Conclusion

In conclusion, we show that photoionization by short APTs in
the presence of a dressing field leads to CEP-dependent pho-
toelectron spectra. Our study emphasizes the sensitivity of
laser-assisted photoionization for retrieving the intricate time-
frequency dependence of short APTs. The behavior of photo-
electron spectra can be explained by subcycle phase matching,
which leads to temporal confinement of some harmonics,
thereby acting as a passive pulse shaper. The spectral amplitude
of each attosecond pulse in the train, therefore, varies in a non-
trivial way, depending on the CEP. This work provides a com-
prehensive experimental and theoretical insight into subcycle
phase-matching dynamics for short APTs.
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Attosecond pulses produced by high-order harmonic generation in gases driven by intense laser fields have become a
cornerstone technique for probing ultrafast electronic motion in matter. These applications require a good knowledge
of the temporal and spectral properties of the emitted radiation. In this work, we generate a train of 2 to 3 attosecond
pulses that we characterize using 2-color laser-assisted photoionization. An unexpected spectral behavior, with more
pulses at high energies than at low energies, is observed when the carrier-to-envelope phase of the laser field is
changed by 90°. High-order harmonic generation simulations indicate that the time-dependent phase matching of the
harmonics contributes in a nontrivial way to the structure of the pulse train. Two-color laser-assisted photoionization
enables us to unravel the dynamical influence of subcycle phase matching on the spectral properties of the attosecond
pulse train, going beyond the predictions of the response of a single atom to a strong laser field.
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