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Macroscopic effects of isolated-attosecond-pulse generation with a temporally asymmetric laser field
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We present a theoretical investigation of an efficient method for generating macroscopic high-order harmonics
with a smooth broadband continuous spectrum structure driven by a temporal asymmetric laser field. Our study
demonstrates that selected continuous high-order harmonic spectra can support isolated attosecond pulses (IAPs)
in the extreme ultraviolet region. Time-frequency analysis of high-order harmonics reveals that the smooth
broadband continuous spectrum is dominated by long-trajectory electron emissions. The quantitative analysis
of the phase mismatching reveals that the generation of the IAP is caused by the favorable transient phase
matching of the long-trajectory electron emissions in the macroscopic medium, which can be attributed to
the spatiotemporal reshaping of the laser waveform at high gas pressure. Furthermore, we also investigate the
dependency of IAP on gas pressure and laser chirp parameters and find that the pulse width of the generated
IAPs can be controlled by adjusting the gas pressure and the chirp parameters.
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I. INTRODUCTION

High-order harmonic generation (HHG) produced by the
interaction of intense laser pulses with a gaseous medium is a
widespread technique for the generation of attosecond pulses
[1–3]. The unprecedented resolution of attosecond pulses
makes it possible to study ultrafast processes with extremely
short timescales, such as ultrafast electronic dynamics inside
atoms, molecules, and solids as well as for time-resolved sur-
face physics [4–9]. Typically, the attosecond pulses produced
in HHG processes are either attosecond pulse trains (APTs)
consisting of two bursts within a laser period or isolated
attosecond pulses (IAPs), depending on the experimental con-
ditions. For most of the applications, the IAPs are preferred
because they allow for direct recording of the temporal evo-
lution of the ultrafast dynamics without side effects from the
pulse trains [10]. Since the initial discovery of IAP in 2001
[3], there has been extensive research and significant progress
made in generating IAPs through HHG [11,12].

The HHG process in gaseous atoms can be described by
the semiclassical three-step model [13], which involves ion-
ization, acceleration, and recombination and results in the
generation of APTs every half cycle of the driving field.
Therefore, the IAPs can only be obtained by limiting the
efficient HHG process within half the optical cycle (o.c.) of
the driving laser field [4]. So far, various gating methods
have been developed to achieve this, including polarization
gating for an isolated 53-as pulse [14–16], amplitude gating
for an isolated 43-as pulse with passive carrier-envelope phase
(CEP) stabilized midinfrared drivers [17–19], double optical
gating for a 67-as pulse [20–23], and multicolor waveform
gating [24–26]. Usually, these methods involve waveform
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shaping of the driving laser pulse to restrict harmonic emis-
sion to a very short period. For example, in the multicolor
waveform gating method, a two-color or multicolor laser field
is synthesized to control the driver waveform. This approach
not only breaks up the half-cycle symmetry of the attosecond
pulse generation and relaxes the restrictions of the pulse du-
ration of driving lasers but is also expected to increase the
cutoff energy of the harmonics and the efficiency of IAP gen-
eration [27]. Xue et al. recently demonstrated a reproducible
generation of an intense continuum harmonic spectrum in the
soft x-ray region using a stable 50-mJ three-channel opti-
cal waveform synthesizer, resulting in pulse energies above
0.24 μJ and a transform limit duration of 170 as [28,29].
In addition, several other methods for generating IAPs have
been established in recent years, including ionization gating
[30–32], attosecond lighthouse [33–35], and phase-matching
gating [36–38]. These methods take into account the propa-
gation and phase matching of the HHG in the macroscopic
medium for the IAP generation, where only a few parts of
the harmonic emission can be coherently built up. For ex-
ample, in the ionization gating method, the ionization rate
in the driver pulse trailing (descending) edge is much higher
than that in the pulse leading (ascending) edge, which leads
to phase mismatching of the harmonics generated in the
driver pulse trailing edge and suppresses harmonic emission
in the macroscopic medium. This is equivalent to forming
a phase-matched temporal window where the HHG process
only occurs in part of the pulse leading edge [30]. Similar
to ionization gating, the phase-matching gating method con-
trols the spatiotemporal evolution of the driver pulse by the
ionization process, plasma-induced defocusing, and the Kerr
effect in the macroscopic medium where a time-gated phase
matching [39] or a spatiotemporal wavefront rotation gating
[40] can be formed for the IAP generation. Schötz et al.
experimentally demonstrated the generation of IAPs with the
center energy around 80 eV, and 324-as duration by sub-

2469-9926/2023/107(6)/063109(15) 063109-1 ©2023 American Physical Society

https://orcid.org/0000-0003-0208-8109
https://orcid.org/0000-0001-9010-3123
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.107.063109&domain=pdf&date_stamp=2023-06-29
https://doi.org/10.1103/PhysRevA.107.063109


ZHIYONG QIN et al. PHYSICAL REVIEW A 107, 063109 (2023)

two-cycle laser pulses at 750 nm in argon in the overdriven
regime, where ionization loss and plasma dispersion strongly
modify the driving laser pulse over small distances to form
a transient phase matching for IAP generation [37]. Tang
et al. demonstrated the optimal conditions for IAP generation
in an overdriven ionized medium, where the spatiotemporal
wavefront rotation of the driving laser can be well controlled,
leading to spatially well-separated attosecond bursts in the far
field, like the attosecond lighthouse technique [40].

In recent years, advances in optical pulse shaping technol-
ogy have made it possible to generate an electric field with
arbitrary spatiotemporal waveforms by only one laser pulse
[41–43], which is promising for the HHG process such as
extending the cutoff energy and generating the IAPs [44–48].
For instance, by using a chirped laser pulse the HHG cutoff
energy can be significantly extended and IAPs can also be ob-
tained with a bandwidth filter [44,49]. In addition, a spatially
inhomogeneous laser field originating from the interaction
between an ultrashort laser pulse and a gold nanostructure
can also be used to generate ultrashort IAPs by reducing the
inherent chirp of the harmonics [50,51]. The spatiotemporal
shaping methods above are mainly to regulate the electron
dynamics in the HHG process on the single-atom level to
obtain the IAPs or extend the cutoff energy. However, as
mentioned above, the HHG is an extremely nonlinear pro-
cess in which all atoms in a gas medium are excited by the
driving laser, and the output high-order harmonics are the
macroscopic response to the generation medium. Therefore,
in this paper, we propose a scheme by numerical simulations
to generate IAPs based on the optical pulse shaping method
and phase-matching gating. In this scheme, a temporal asym-
metric laser pulse was used to interact with a helium gas
medium to generate high-order harmonics. In experiments,
this temporal asymmetric laser field can be formed through
the self-steepening effect of the laser in a transparent medium
[52,53] or the interaction of the laser with a gold ellipsoidal
nanostructure [54]. In this work, the single-atom response is
calculated by the strong-field approximation (SFA) model,
and the macroscopic propagation of the driving laser and
harmonic fields is obtained by solving the three-dimensional
Maxwell’s wave equations with full electric field. By using
this scheme, an isolated 117-as attosecond pulse in the ex-
treme ultraviolet region with a bandwidth of 43 eV can be
obtained directly from the continuum harmonic spectrum near
the cutoff energy. The simulated results show that this IAP
generation is caused by the favorable transient phase matching
of the long-trajectory electron emissions driven by the tempo-
ral asymmetric laser field in the macroscopic medium. The
quantitative analysis of the phase mismatching shows that this
transient phase matching is attributed to the spatiotemporal
reshaping of the laser waveform at high gas pressure. Fur-
thermore, the results also show that the pulse width of the
generated IAPs can be controlled by adjusting the gas pressure
and the chirp parameters of the driven laser.

II. THEORETICAL METHODS

A. Propagation of fundamental laser and harmonic fields

In our numerical model, the single-atom response of
the harmonic radiation is calculated using the SFA, or the

so-called Lewenstein model [55]. This approach has been
shown to provide good qualitative agreement with the numer-
ical solution of the Schrödinger equation. In order to simulate
the macroscopic effects of the harmonics generated in the
gas medium, the propagation of the fundamental laser and
harmonic fields should be considered, which can be described
by Maxwell’s equations. The single-atom response is inserted
as a source term into the wave equations of the fundamen-
tal and the harmonic fields, which are solved in cylindrical
coordinates, assuming radial symmetry. The propagation of
the fundamental driving laser and the harmonic field in a gas
medium is described by [56–58]

∇2E1(r, z, t ) − 1

c2

∂2E1(r, z, t )

∂t2

= μ0
∂Jabs(r, z, t )

∂t
+ ω2

0

c2

(
1 − η2

eff

)
E1(r, z, t ), (1)

∇2Eh(r, z, t ) − 1

c2

∂2Eh(r, z, t )

∂t2
= μ0

∂2P(r, z, t )

∂t2
, (2)

where E1(r, z, t ) and Eh(r, z, t ) are the electric field of the
fundamental laser pulse with central frequency ω0 and the
harmonic field, respectively, and z is the axial propagation
direction. The propagation of the fundamental driving laser
is affected by refraction, nonlinear self-focusing, ionization,
and plasma defocusing. The effective refractive index ηeff of
the gas medium is given by

ηeff (r, z, t ) = η0(r, z, t ) + η2I (r, z, t ) − ω2
p(r, z, t )

2ω2
0

. (3)

Here, the first term η0 = 1 + δ1−iβ1 includes refraction
effect δ1 and absorption effect β1 of neutral atoms. In general,
the absorption effect (β1) on the fundamental laser in the gas
medium is very small and can be neglected in simulation.
The second term in Eq. (3) is the optical Kerr effect which
depends on the laser intensity I(r, z, t), and the third term
takes into account the contributions of the free electrons which
contain the plasma frequency ωp = [e2ne(r, z, t )/(ε0me)]1/2,
where me and e represent the mass and charge of the electron,
respectively, and ne is the density of free electrons, which can
be given by the Ammosov-Delone-Krainov (ADK) ionization
rate [59]. The absorption term of the ionization medium in
Eq. (1) is

Jabs(r, z, t ) = w(r, z, t )[n0 − ne(r, z, t )]IpE1(r, z, t )

|E1(r, z, t )|2 , (4)

where w(t) is the ionization rate calculated with the ADK
theory, and n0 is the neutral atom density. Therefore, the wave
equation of the fundamental laser in Eq. (1) can be written as

∇2E1(r, z, t ) − 1

c2

∂2E1(r, z, t )

∂t2

= μ0
∂Jabs(r, z, t )

∂t
+ ω2

p

c2
E1(r, z, t )

− 2
ω2

0

c2
(δ1 + η2I )E1(r, z, t ). (5)

By changing to the moving coordinate frame (z′ = z, t
′ =

t−z/c) and performing the paraxial approximation (i.e.,
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neglecting the ∂2E1/∂z′2 term), we obtain the equation

∇2
⊥E1(r, z′, t ′) − 2

c

∂2E1(r, z′, t ′)
∂z′∂t ′

= μ0
∂Jabs(r, z′, t ′)

∂t ′ + ω2
p

c2
E1(r, z′, t ′)

− 2
ω2

0

c2
(δ1 + η2I )E1(r, z′, t ′). (6)

The temporal derivative in Eq. (6) can be eliminated by a
Fourier transform, yielding the equation

∇2
⊥Ẽ1(r, z′, ω) − 2iω

c

∂Ẽ1(r, z′, ω)

∂z′ = G̃(r, z′, ω), (7)

where

Ẽ1(r, z′, ω) = F[E1(r, z′, t ′)], (8)

G̃1(r, z′, ω) =F
[
μ0

∂Jabs(r, z′, t ′)
∂t ′ + ω2

p

c2
E1(r, z′, t ′)

− 2
ω2

0

c2
(δ1 + η2I )E1(r, z′, t ′)

]
, (9)

and F is the Fourier transform operator acting on the tempo-
ral coordinate. The fundamental laser field is assumed to be
Gaussian both in space and in time at the entrance of a gas
medium, and the pressure is assumed to be constant within
the gas medium.

For the harmonic field, the source term P(r, z, t ) in Eq. (2)
is related to the single-atom-induced dipole moment and de-
pends upon the fundamental driving laser field E1(r, z, t ).
In the harmonic propagation equation, we have neglected
the free-electron dispersion because the plasma frequency is
much lower than the harmonics frequencies. Again, going to
the moving coordinate frame and using the paraxial approxi-
mation, Eq. (2) becomes

∇2
⊥Eh(r, z′, t ′) − 2

c

∂2Eh(r, z′, t ′)
∂z′∂t ′ = μ0

∂2P(r, z′, t ′)
∂t ′2 . (10)

We also eliminate the temporal derivative by a Fourier
transform and obtain the equation

∇2
⊥Ẽh(r, z′, ω) − 2iω

c

∂Ẽh(r, z′, ω)

∂z′ = −ω2μ0P̃(r, z′, ω),

(11)

where

Ẽh(r, z′, ω) = F[Eh(r, z′, t ′)], (12)

and

P̃(r, z′, ω) = F[P(r, z′, t ′)]. (13)

The polarization term describes the response of the
medium to the laser field and includes both linear and non-
linear terms P̃(r, z′, ω) = χ (1)(ω)Ẽh(r, z′, ω) + P̃nl (r, z′, ω),
where the linear susceptibility χ (1)(ω) includes both linear
dispersion and absorption through its real and imaginary parts,
respectively. The refractive index of the gas medium to the

harmonics is written as n(ω) =
√

1 + χ (1)(ω)/ε0 and is re-
lated to atomic scattering factors by

n(ω) = 1 − δh(ω) − iβh(ω) = 1 − 1

2π
n0reλ

2( f1 + f2),

(14)

where re is the classical electron radius, λ is the harmonic
wavelength, n0 is the neutral atom density, and f1 and f2 are
atomic scattering factors [60].

The nonlinear polarization term P̃nl (r, z′, ω) can be ex-
pressed as

P̃nl (r, z′, ω) = F{[n0 − ne(r, z′, t ′)]D(r, z′, t ′)}, (15)

where ne(r, z′, t ′) is the free-electron density and D(r, z′, t ′) is
the single-atom-induced dipole moment calculated by the SFA
model. Finally, the harmonic propagation equation becomes

∇2
⊥Ẽh(r, z′, ω) − 2iω

c

∂Ẽh(r, z′, ω)

∂z′

− 2ω2

c2
[δh(ω) + iβh(ω)]Ẽh(r, z′, ω)

= −ω2μ0P̃nl (r, z′, ω). (16)

After the propagation in the medium, we obtain the harmonics
fields at the exit face of the gas medium. Note that δh(ω) and
βh(ω) in Eq. (16) account for the dispersion and absorption of
the medium on the harmonics, respectively. Equations (7) and
(16) can be solved using the Crank-Nicolson method [57].

B. Time-frequency analysis

The total harmonic power spectra at different positions in
the gas medium can be obtained by integrating over the radial
direction [61],

Sh(z′, ω) ∝
∫ ∞

0
2πr|Ẽh(r, z′, ω)|2dr, (17)

where Ẽh is the Fourier transform of the harmonic field Eh.
Attosecond pulses at different positions can be calculated by
superimposing HHG in a certain frequency range [62]:

Ih(z′, t ) =
∫ ∞

0
2πrdr

∣∣∣∣
∫ ω2

ω1

Ẽh(r, z′, ω)eiωt dω

∣∣∣∣
2

. (18)

The time-frequency representation of the harmonic field
Eh(r, z′, t ′) is a simultaneous representation of the temporal
and spectral characteristics of the harmonics. We perform the
time-frequency analysis in terms of the wavelet transform of
the harmonic field,

A(z′, t, ω) =
∫

Eh(r, z′, t ′)wt,ω(t ′)dt ′, (19)

with the wavelet kernel wt,ω(t ′) = √
ωW [ω(t−t ′)], where the

W (x) is the Morlet wavelet [62,63]. The width of the window
function in the wavelet transform varies as the frequency
changes. In order to avoid the complexity of the harmonic
spatial distribution, we calculate the wavelet analysis for each
radial point at different positions in the gas medium and then
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integrate it over the radial coordinate:

|A(z′, t, ω)|2 =
∫ ∞

0
2πrdr

∣∣∣∣
∫

Eh(r, z′, t ′)wt,ω(t ′)dt ′
∣∣∣∣
2

. (20)

C. Time-dependent phase matching

The above theoretical model is sufficient to simulate the
HHG in a macroscopic medium, while for deeper insight
into the underlying physical mechanism, the phase matching
of the HHG should be investigated. Phase matching refers
to the constructive accumulation of radiation from coherent
sources along the beam propagation direction. An optimum
phase matching of the qth harmonic in the HHG process is
kq = qk1, where kq is the qth harmonic wave vector and k1

is the fundamental laser wave vector. Since the HHG is an
extremely nonlinear process, both the single-atom response
and the macroscopic effects could cause the phase mismatch-
ing of the harmonics. Usually, the phase mismatching degree
of the qth harmonic can be expressed as [64,65]

�kq = kq − qk1 = �kd + �kn + �kp + �kg. (21)

Here �kd (z, t ) = −α j∇I (z, t ) is the intrinsic harmonic
dipole phase mismatching induced by the intensity-

dependent trajectories in single-atom response, where
α j is a coefficient related to the electron trajectories
with j = S, L representing the short and long paths.
�kn(z, t ) = 2πqP(z)[1−p(z, t )]�n/λ and �kp(z, t ) =
−P(z)Natm p(z, t )reλ(q2−1)/q are the phase mismatching due
to the dispersion of the neutral atomic and free electrons,
respectively, in which P(z) is the gas pressure and p(z, t ) is the
ionization probability, �n is the refractive index difference
per atmosphere between the qth harmonic and the drive laser
with wavelength λ, and Natm is the initial atomic number
density per atmosphere. Lastly, �kg(z, t ) = q∇g(z, t ) is
the phase mismatching arising from the Gouy phase shift
g(z, t ), resulting from the geometrical focusing of the drive
laser beam.

III. RESULTS AND DISCUSSION

A. Macroscopic HHG spectra and IAPs
at the exit of the gas medium

In our simulations, we adopt an 800-nm laser field with a
peak intensity of 8 × 1014 W/cm2 and a laser beam waist of
35 μm. The laser field is expressed as E (t ) = E0 f (t )cos(ωt ),
where the time envelope function in the asymmetric and sym-
metric pulse is expressed as

f (t ) =
⎧⎨
⎩e

−2ln2 t2

τ2
1 (t < 0) + e

−2ln2 t2

τ2
2 (t � 0) for asymmetric pulse

e
−2ln2 t2

τ2
0 for symmetric pulse

. (22)

Here τ1 = 5T0 and τ2 = 1T0 are the pulse width of the lead-
ing edge and trailing edge in the asymmetric pulse, τ0 = 3T0 is
the pulse width in the symmetric pulse, and T0 is the o.c. of the
laser pulse. It can be seen that both laser pulses have the same
pulse duration which at full width at half maximum (FWHM)
is about 8 fs. The laser pulse is focused at the center of the
helium gas target, and the length of the medium is 1.2 mm
with a uniform gas pressure distribution. Figure 1(a) shows
the laser envelope in the asymmetric (solid red line) and the
symmetric (dashed blue line) pulse; the corresponding ion-
ization probability in both laser pulses is shown in Fig. 1(b).
Although both the asymmetric and symmetric pulses have
different envelopes, their maximum ionization probability is
nearly the same, which is 1.45% and 1.4%, respectively.

To investigate the macroscopic process of the HHG driving
by both kinds of laser pulses, the gas pressure was chosen to
be 900 Torr, and the results are shown in Fig. 2. Figure 2(a)
shows the macroscopic HHG spectra power at the exit of
the gas medium driving by the asymmetric (red line) and
symmetric (blue dashed line) laser pulse. Although the HHG
spectra in both cases are similar to each other and have the
same cutoff harmonic order 110 (H110), the HHG spectra
in the region from H56 to H84 (43 eV) exhibit a smooth
continuous broadband spectrum structure in the case of the
asymmetric pulse. The broadband spectrally continuous har-
monics usually indicate an IAP in the time domain. To check
whether IAPs exist driven by the two kinds of laser pulses,
we synthesized the high-order harmonics from H56 to H84

in both cases in Fig. 2(a) to obtain the attosecond pulses,
and the result is shown in Fig. 2(b). It can be seen that on
the macroscopic level, the HHG driving by the asymmetric
laser pulse exhibits an IAP in the time domain with rela-
tively high intensity and a shortest pulse duration of 117 as
(red line) near −0.1T0, but the harmonics generated by the
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FIG. 1. (a) The envelope of the laser field with asymmetric (solid
red line) and symmetric pulses (dashed blue line). (b) The corre-
sponding ionization probability with time.
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FIG. 2. (a) Macroscopic HHG spectra power generated by the asymmetric (red line) and symmetric (blue dashed line) pulses in 900 Torr
helium gas. Each harmonic spectrum is obtained by integrating the harmonic yields over radial distance at the exit plane of the gas medium. (b)
Attosecond pulses are obtained by superimposing selected high-order harmonics (H56–H84) in (a) generated by the asymmetric [red (upper)
line] and symmetric [blue (lower) line] laser pulses. (c), (d) Time-frequency analysis of near-field HHG at the exit plane of the gas medium
driven by the two kinds of laser pulses.

symmetric pulse exhibit APTs with lower intensity (blue line).
For a better understanding of the emission features of the
harmonics in Fig. 2(a), we examined the time-frequency anal-
ysis of the integrated harmonics on the exit plane of the gas
medium perpendicular to the propagation direction under the
two kinds of laser pulses, as shown in Figs. 2(c)–2(d). Com-
pared with the harmonic emissions driven by the symmetric
pulse which has an attosecond burst in every half o.c., the
harmonics above H60 generated in the case of an asymmetric
laser pulse have only one strong attosecond burst between
−2T0 and 2T0, which locates around −0.1T0. Furthermore,
the attosecond burst in the asymmetric pulse has only one
major emission branch with the negative chirp, as shown in
Fig. 2(c), which results from the long electron trajectories.
However, the attosecond bursts in the case of a symmetric
pulse have two branches and the long-trajectory branch is
slightly stronger than the short-trajectory one, as shown in
Fig. 2(d).

In order to further clarify the contributions of long and
short electron trajectories to each order of harmonic emission
in the case of the symmetric laser pulse, Fig. 3(a) shows
the time-dependent emission intensity of a given harmonic
order ranging from H56 to H84. The results show that the
harmonic emission in the range of −0.4T0 to −0.2T0 is sup-
pressed, while the harmonic emission in the range of −0.2T0

to 0T0 is enhanced and relatively concentrated around −0.1T0;
this is in agreement with the results in Fig. 2(c) that the
attosecond burst has only one major emission branch which is

produced by the long electron trajectories. To investigate the
spatial distribution of the attosecond pulses in the two kinds
of laser pulses, we superimposed the high-order harmonics
from H56 to H84 in each radial position on the exit plane
of the gas medium, as shown in Figs. 3(c) and 3(d), respec-
tively. It can be seen that in both kinds of laser pulses, the
generated attosecond pulses are mainly concentrated within
the 0–10-μm region in the radial direction. Moreover, in the
case of the asymmetric pulse, the generated harmonics exhibit
IAPs in the time domain in the entire 10-μm radial region and
are concentrated around −0.1T0, as shown in Fig. 3(c). Fig-
ure 3(b) further shows the differences of the generated IAPs
at different radial positions (r = 0, 2.5, and 5 μm) driven
by the asymmetric pulses, the attosecond pulse durations at
these radial positions are 133 as (r = 0 μm, red line), 106 as
(r = 2.5 μm, blue line), and 104 as (r = 5 μm, black line),
respectively. However, compared with the asymmetric case,
the harmonics generated by the symmetric pulse exhibit APTs
in the entire 10-μm region. As will be seen below, the above
different features of the generated harmonic spectrum and the
corresponding attosecond pulses between the two laser pulses
are the result of the different phase-matching conditions dur-
ing the macroscopic propagation.

B. Phase-matching analysis of the harmonic emissions

In order to clarify the physical mechanism of the gener-
ated IAP after macroscopic propagation we next analyze the
phase-matching conditions of the smooth continuous broad-
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(a)

(b)

(c) Asymmetric

(d) Symmetric

FIG. 3. (a) The emission intensity of different harmonic orders from H56 to H84 varies with time in the asymmetric laser pulse, which
is obtained from the time-frequency analysis in Fig. 2(c) at 900 Torr gas pressure. (b) The generated IAPs at r = 0 μm [red (middle) line],
2.5 μm [blue (upper) line], and 5 μm [black (lower) line] driving by the asymmetric pulse. (c), (d) The spatial distribution of the generated
attosecond pulses driven by the two kinds of laser pulses; the range of high-order harmonics used for the pulse synthesis is H56–H84.

band harmonics in both kinds of laser pulses. Because the
attosecond bursts are nearly the same at different radial po-
sitions in both cases, as shown in Figs. 3(c) and 3(d), only
the on-axis (r = 0 μm) phase-matching conditions are taken
into consideration in the following. Firstly, we investigate the
time-dependent phase mismatching |�k| of the harmonics
above H60 at different positions of the gas medium in the
case of the symmetric pulse, as shown in Fig. 4. For a better
understanding of the relation of the electron ionization and
harmonic emission, we also present the dependence of the
classical electron energy on the ionization (red circles) and
recombination (blue stars) time by the semiclassical three-
step model, as shown in Fig. 4(a). One can see that there
are three maximum harmonic emission peaks (recombination
times) denoted by P1, P2, and P3 in Fig. 4(a) which are lo-
cated around −0.3T0, 0.2T0, and −0.8T0, respectively, and the
corresponding ionization times are denoted by P

′
1 (–0.95T0),

P
′
2 (–0.45T0), and P

′
3 (–1.45T0). For the harmonics above

H60, the electrons of the three harmonic emission peaks are
ionized in the region from −0.99T0 to −0.89T0, −0.49T0 to
−0.39T0, and −1.49T0 to −1.39T0, respectively. Figures 4(b)–
4(e) present the time-dependent phase mismatching of the
long (b,d) and short (c,e) paths at the position near the en-
trance (z = 0.1 mm) and the middle (z = 0.6 mm). When the
propagation distance z = 0.1 mm, the values of |�kl | (the
phase mismatching of the long path) in the time interval from
−2.45T0 to −0.8T0 and −0.6T0 to 0T0 are much smaller than
those at other times, as shown in Fig. 4(b), which indicates that
all of the three harmonic emission peaks are phase matches
well near the entrance of the gas medium. Therefore, the

harmonics above H60 generated at z = 0.1 mm have three at-
tosecond bursts in the time domain and exhibit APTs, which is
in agreement with the results of the time-frequency analysis in
Fig. 4(f). However, because of the macroscopic effect during
the propagation, the phase matching becomes more difficult,
and only the values of |�kl | in the time interval from −1.5T0

to −0.8T0 and −0.2T0 to −0.1T0 are much smaller than those
in other times at z = 0.6 mm, as shown in Fig. 4(d), which
indicates that the harmonic emission from peak P1 is better
phase matched than that from peak P2 and peak P3. Therefore,
the harmonic emissions from peak P1 are stronger than those
from peaks P2 and P3, which is in agreement with the time-
frequency analysis results in Fig. 4(g). On the other hand, it is
clear that compared with the phase mismatching of the long
path (|�kl |), the phase mismatching of the short path (|�ks|)
at different propagation distances is much greater. This means
that the long-path branch is much stronger than the short-path
one in the attosecond bursts at different propagation positions.
In particular, the attosecond burst at z = 0.6 mm has only the
long-path emission branch, which results in IAP generation.
Therefore, we can conclude that, in the case of the asymmetric
laser pulse, good phase-matching conditions of the harmonic
emission originating from the long electron trajectories in
peak P1 are obtained during the macroscopic propagation at
900 Torr, which results in continuous broadband harmonic
(from H56 to H84) generation and exhibits an IAP with a short
pulse duration.

Figure 5 shows the ionization and recombination time
obtained from the semiclassical three-step model and phase-
matching conditions of the HHG driven by the symmetric
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FIG. 4. (a) Harmonic order as a function of the ionization time (red circles) and recombination time (blue stars) obtained from the
semiclassical three-step model based on the single-atom response in the case of the asymmetric laser pulse. (b)–(e) On-axis time-dependent
phase mismatching of long (b), (d) and short (c), (e) paths as a function of harmonic order at the propagation distances of z = 0.1 mm (b), (c)
and z = 0.6 mm (d), (e) in the case of the asymmetric laser pulse at 900 Torr gas pressure. (f), (g) Time-frequency analysis of the HHG driven
by the asymmetric laser pulse with the gas pressure of 900 Torr at the position of z = 0.1 mm and z = 0.6 mm.

laser pulses at z = 0.1 mm and z = 0.6 mm, and the corre-
sponding time-frequency analysis results. One can see that,
compared with the asymmetric pulse, the phase matching
originating from the long electron trajectories is good in the
time interval from −2.0T0 to 0T0 at the two propagation posi-
tions, as shown in Figs. 5(b) and 5(d). It is indicated that the
harmonic intensities above H40 from the three maximum har-
monic emission peaks are much stronger than the harmonics
of other emission peaks during the propagation, which leads
to APT generation, as shown in Figs. 5(f) and 5(g). Neverthe-
less, with the increase of the propagation distance, the values
of |�kl | above H60 become great, which indicates that the
harmonic intensities above H60 become weak at z = 0.6 mm
due to the phase mismatching, which is in agreement with
the result in Fig. 5(g). Besides, by comparing the results in
Figs. 5(d) and 4(d), it is clear that the phase mismatching of
the long path above H60 in the case of the symmetric pulse
is much greater than that in the case of the asymmetric pulse,

so the obtained attosecond pulse intensity by superimposing
high-order harmonics from H56 to H84 in the symmetric pulse
is much weaker than that in the asymmetric case, as shown in
Fig. 2(b). It is worth noting that for both kinds of laser pulses,
the phase mismatching of the long path (|�kl |) is smaller than
that of the short path (|�ks|). However, the phase mismatching
|�ks| of the short path in the case of the symmetric pulse is
much smaller than that in the case of the asymmetric pulse.
This means that for each attosecond burst, the long-trajectory
branch is much stronger than the short-trajectory one in the
case of the asymmetric pulse, but the intensities of the two
branches are comparable for the symmetric pulse, which is in
agreement with the results in Fig. 2.

Because the output harmonic spectrum at the exit of the
gas medium is a macroscopic result of the HHG during the
propagation, it is contributed by the superposition of the har-
monics generated in each propagation position. Therefore, in
order to obtain an IAP with a short pulse duration, good tran-
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FIG. 5. Same as Fig. 4 except with a symmetric driving laser pulse.

sient phase matching along the propagation should be fulfilled
[66]. For 900 Torr gas pressure, we have also investigated the
spatiotemporal phase-matching maps along the propagation
axis driven by the asymmetric and symmetric laser pulses,
respectively, and the results are shown in Figs. 6(a)–6(d),
which display the phase mismatching of the long path and
short path at H70. It can be seen that in the case of the
asymmetric pulse, the long-path phase mismatching |�kl | of
H70 nearly always keeps relatively small values in the time
interval from −1.25T0 to −0.85T0 for a long propagation
distance (∼0.8 mm), as shown in Fig. 6(a). This means that in
the asymmetric pulse, the harmonic emission from peak P1 in
Fig. 4 is better phase matched than that from other peaks dur-
ing the long-distance propagation, which leads to continuous
broadband harmonic generation and contributes to IAP gener-
ation. However, in the case of the symmetric pulse, although
there is also a phase-matched time window from −1.2T0 to
−0.2T0 that exists for a long propagation distance (∼0.9 mm),
as shown in Fig. 6(b), this phase-matched time window is too
wide to generate the continuous harmonic spectrum. In addi-
tion, it can also be seen that in both kinds of laser pulses, the
phase mismatching of the short path is always greater than that

of the long path during the propagation, as shown in Figs. 6(c)
and 6(d), which indicates that the harmonic emission from the
long electron trajectories is enhanced but that from the short
electron trajectories is suppressed in the whole macroscopic
propagation at 900 Torr gas pressure.

Figures 6(e) and 6(f) show the time-dependent phase mis-
matching of the long path of H70 at z = 0.3 mm and z =
0.6 mm in the case of asymmetric (solid line) and symmetric
(dashed line) laser pulses. It can be seen that the difference in
the phase mismatching of the harmonics driven by both kinds
of laser pulses is mainly attributed to the intrinsic harmonic
dipole phase mismatching �kdl (blue line). The values of
�kdl in the pulse leading edge in the case of the asymmetric
laser are much smaller than that in the symmetric laser, which
leads to better phase-matched harmonics generated in the
asymmetric laser pulse. Moreover, compared with the case
of the symmetric pulse where the �kdl changes slowly with
time, �kdl in the case of the asymmetric pulse exhibits some
fluctuations, as shown by the shadow in Figs. 6(e) and 6(f),
which contributes to obtaining transient phase matching and
IAP generation. Because the intrinsic harmonic dipole phase
mismatching is laser intensity dependent, these fluctuations
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(c) (d)

Asymmetric Symmetric

Long Long

Short Short

(e)

(f)

z=0.3mm

z=0.6mm

FIG. 6. (a–d) Spatiotemporal phase-matching maps of H70 along the propagation axis driven by the asymmetric (a), (c) and symmetric laser
pulses (b), (d); the gas pressure is 900 Torr. (a), (b) denote the long-path phase matching, and (c), (d) denote the short-path phase matching.
(e), (f) The time-dependent phase mismatching of H70 from the long-electron trajectory emissions at z = 0.3 mm (e) and z = 0.6 mm (f)
in the case of asymmetric (solid line) and symmetric (dashed line) laser pulses; the gas pressure is 900 Torr. The black (upper dark gray)
line, red (middle dark gray) line, blue (lower dark gray line), cyan (thick light gray), and green (thin light gray) line in (e), (f) denote the
phase-mismatching values of �kn, �kq, �kdl , �kp, and �kg, respectively.

of �kdl in the time domain can be attributed to the spatiotem-
poral reshaping of the temporal asymmetric laser waveform
when propagating in the gas medium at high pressure. This
spatiotemporal reshaping of the driving laser during the prop-
agation is caused by the nonlinear propagation effects, such as
spatial diffraction, nonlinear self-focusing, ionization, plasma
defocusing, and so on [67–69] (see Appendix A). It is worth
noting that the shadow with a large fluctuation of �kdl in
Figs. 6(e) and 6(f) locates around −1.0T0, which is just within
the ionization time window of the harmonic emission peak
P1 in Fig. 4 that leads to IAP generation with short pulse
duration at the exit of the gas medium. Furthermore, the in-
vestigation of the spatial long-path phase mismatching |�kdl |
also showed that there is a significant difference in the phase
mismatching of H70 in space (z, r) at different times in the
case of the asymmetric laser pulse, which also resulted in IAP
generation. However, the spatial phase mismatching is nearly
the same at different times in the case of the symmetric laser
pulse, which is unable to support IAP generation, as shown in
Appendix B.

C. Effects of gas pressure on harmonic emissions

It has been mentioned that measured high-order harmonics
are the macroscopic response to the gas medium, and many
studies have shown that the HHG spectrum and the synthe-
sized attosecond pulse are changed with the gas pressure of
the medium [70–73]. Therefore, in this work, we have also
investigated the effect of gas pressure on the HHG spectrum
and attosecond pulses in both kinds of laser pulses. Figure 7
shows the time-frequency analysis results of the harmonic
spectra driven by the asymmetric (a–c) and symmetric (d–f)

laser pulses at gas pressures of 600, 700, and 800 Torr, re-
spectively. We can see that in the case of the asymmetric laser
pulse, the attosecond burst in each o.c. at 600 Torr has only
one major emission branch with positive chirp which results
from the short-electron trajectories, as shown in Fig. 7(a).
However, when the gas pressure increases to 700 Torr, as
shown in Fig. 7(b), each attosecond burst has two emission
branches, which means that both long- and short-electron
trajectories simultaneously contribute to harmonic emission.
As the gas pressure increases to 800 Torr, there is only the
long-electron-trajectory emission branch with negative chirp
existing in each attosecond burst, as shown in Fig. 7(c).
According to the analyzed results above, we know that the
different features of the attosecond burst at different gas
pressures are caused by the different phase-matching condi-
tions of the HHG in the macroscopic gas medium [73]. In
particular, at 800 Torr, there is only one strong attosecond
burst above H57 existing between −2.0T0 and 2.0T0, which
locates around −0.1T0. This means that the harmonic emis-
sions above H57 driven by the asymmetric laser pulse at
800 Torr have continuous spectra with broadband and support
IAP generation with a short duration, which is similar to
the result at 900 Torr. However, in the case of the symmet-
ric laser pulse, although the long-electron-trajectory emission
branch in each attosecond burst at 800 Torr is stronger than
the short-electron-trajectory one, as shown in Fig. 7(f), each
of the attosecond bursts at 600 and 700 Torr has two emis-
sion branches with nearly identical intensity, as shown in
Figs. 7(d) and 7(e). In addition, the time-frequency analysis
results show that, compared with the case of the asymmetric
pulse, the harmonics generated by the symmetric laser pulse
are always unable to form continuous spectra at different gas
pressures.
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FIG. 7. (a)–(f) Time-frequency analysis of near-field HHG at the exit plane of the gas medium driven by the asymmetric (a)–(c) and
symmetric (d)–(f) laser pulses at different gas pressures. The laser and gas medium parameters used here are the same as that in Fig. 1 except
for the gas pressure. (g), (h) Attosecond pulses which are obtained by superimposing selected high-order harmonics at different gas pressures
generated by the asymmetric (g) and symmetric (h) laser pulses. The range of high-order harmonics used for the attosecond pulse synthesis at
different gas pressures is presented in the text.

More intuitively, we have also investigated the synthesized
attosecond pulses by superimposing selected high-order har-
monics driven by both kinds of laser pulses at different gas
pressures, and the results are shown in Fig. 7(g) (asymmetric
pulse) and Fig. 7(h) (symmetric pulse). The range of high-
order harmonics used for the attosecond pulse synthesis in
both kinds of laser pulses are H60–H110 for 500–700 Torr,
H57–H100 for 800 Torr, H56–H84 for 900 Torr, H53–H71
for 1000 Torr, H45–H62 for 1100–1200 Torr, and H37–H52
for 1300–1500 Torr, respectively. It is clear that in the case of
the asymmetric laser pulse, as shown in Fig. 7(g), when gas
pressure is below 700 Torr, the harmonic emissions exhibit
APTs in the time domain and the intensity decreases with the
increase of the gas pressure. However, when the gas pressure
is in the range of 800–1200 Torr, we can see that the har-
monic emissions exhibit an IAP in the time domain with a
pulse duration of 154 as (800 Torr), 117 as (900 Torr), 122
as (1000 Torr), 136 as (1100 Torr), and 160 as (1200 Torr),
respectively. When the gas pressure is above 1200 Torr, the
intensity of the harmonic emission decreases rapidly and is
unable to form the IAP. The results above can be attributed
to the phase-matching conditions of the harmonics during the
macroscopic propagation at different gas pressure. When the
gas pressure is low (<800 Torr), the spatiotemporal reshaping
of the laser pulse is too weak to result in the fluctuations of
the intrinsic harmonic dipole phase mismatching, so a wide
phase-matched time window is formed, which leads to the
APT generation. As the gas pressure increases to 800 Torr,
a suitable spatiotemporal reshaping of the laser pulse leads to
the fluctuations of the intrinsic harmonic dipole phase mis-
matching and a transient phase matching is obtained for the
IAP generation. We can see in Fig. 7(g) the gas pressure range
that forms the transient phase matching is 800–1200 Torr, in
which the optimal gas pressure is 900 Torr. When the gas

pressure increases further (>1200 Torr), the phase match-
ing becomes more difficult for the high pressure so that
the intensity and cutoff energy of the generated harmonics
dropped rapidly. Similar to the case of the asymmetric pulse,
the harmonic emissions at low gas pressure (<700 Torr) in
the case of the symmetric pulse also exhibit APTs due to the
wide phase-matched time window, as shown in Fig. 7(h). But
different from the case of the asymmetric pulse, the intensity
of the harmonic emissions at high gas pressure (>800 Torr) in
the case of the symmetric pulse drops rapidly and is unable to
form the IAP, which is also due to the difficulty of the phase
matching at high gas pressures. Therefore, we can conclude
that the broadband of the continuous high-order harmonic
spectra and the pulse width of the synthesized attosecond
pulses can be controlled by changing the gas pressure in the
case of the asymmetric laser pulse.

D. Chirp effects in laser pulse on the harmonic emissions

We have demonstrated that macroscopic IAPs can be
generated by using a chirped-free temporal asymmetric
laser pulse. However, the temporally asymmetric laser pulse
formed through the self-steepening effect in a transparent
medium usually exhibits dispersion and chirping in the fre-
quency domain, which could affect the harmonic emission
process [74,75]. Therefore, it is necessary to study the chirp
effects of the asymmetric laser pulse on harmonic emission.
The laser field with chirp can be expressed as

E (t ) = E0 f (t )cos(ωt + αt2), (23)

where the time envelope function f (t ) in asymmetric and
symmetric laser pulses is given by Eq. (10) and α is the linear
chirp rate. It is convenient to introduce a dimensionless chirp
parameter which is defined by β = ατ 2

0 /2ln2, where τ0 = 3T0
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FIG. 8. (a)–(d) Time-frequency analysis of near-field HHG at the exit plane of the gas medium driven by the asymmetric (a), (b) and
symmetric (c), (d) laser pulses with different chirp parameters at 900 Torr gas pressure. (e), (f) Attosecond pulses which are obtained by
superimposing selected high-order harmonics at different chirp parameters generated by the asymmetric (e) and symmetric (f) laser pulses.
The range of high-order harmonics used for the attosecond pulse synthesis at different chirp parameters is presented in the text.

is the pulse width of both kinds of laser pulses. Figure 8
shows the time-frequency analysis results of the harmonic
spectra driven by the asymmetric (a,b) and symmetric (c,d)
laser pulses with β = 1 and 3 at 900 Torr gas pressure, re-
spectively. It can be seen that in the case of the asymmetric
laser pulse, the harmonic emissions above H56 under these
two chirp parameters only exhibit one strong attosecond burst
around −0.1T0, which is consistent with the results of the
chirped-free pulse and can be attributed to the transient phase
matching. This means that the harmonic emissions driven by
the asymmetric laser pulse under these two chirp parameters
also have continuous spectra with broadband and support the
short IAP generation. Moreover, as the chirp parameter in-
creases, the cutoff energy of the high-order harmonics and the
bandwidth of the continuum spectrum also increase, as shown
in Fig. 8(b), which is beneficial to obtaining a shorter Fourier
transform limited attosecond pulse. However, compared with
the asymmetric pulse, the harmonics generated by the sym-
metric laser with β = 1 are unable to form continuous spectra,
as shown in Fig. 8(c), which is also consistent with the results
of the chirped-free pulse. However, when the chirp parameter
is increased to β = 3, as shown in Fig. 8(d), the harmonic
generation due to the changes in the driving laser waveform
exhibits a narrowband continuum above H77, which appears
as a broad IAP in the time domain.

In order to demonstrate more clearly the chirp effects
in laser pulses on IAP generation, we also investigated
the synthesized attosecond pulses by superimposing selected
high-order harmonics under different chirp parameters, as
shown in Fig. 8(e) (asymmetric pulse) and Fig. 8(f) (sym-
metric pulse). The range of high-order harmonics used for
the attosecond pulse synthesis in asymmetric laser pulses is
H56–H84 for β = 0 to β = 2, H57–H122 for β = 3, and
H57–H100 for β = 4, respectively, as shown in Fig. 8(e). It

can be seen that the harmonic emissions under chirp parame-
ters of β = 0 to β = 4 always exhibit IAP in the time domain
and the pulse duration is 117 as (β = 0), 141 as (β = 1),
120 as (β = 2), 136 as (β = 3), and 254 as (β = 4), respec-
tively. For the case of the symmetric laser pulse, the range of
superimposed high-order harmonics for the attosecond pulse
synthesis is H56–H84 for β = 0 to β = 2, H77–H94 for β =
3, and H70–H94 for β = 4, respectively, as shown in Fig. 8(f).
We can see that the IAP is exhibited in high-order harmonic
emissions generated by the symmetric pulse only when the
chirp parameter is comparatively large, such as β = 3 and
4. The corresponding pulse duration of the synthesized IAP
for β = 3 and β = 4 is 300 and 275 as, respectively. There-
fore, by comparing the results of both kinds of laser pulses
with different chirp parameters, we can confirm that by using
the asymmetric laser pulse with different chirp parameters,
macroscopic IAPs with a similar pulse duration can also be
produced.

IV. CONCLUSION

In conclusion, we theoretically investigated the phase-
matching mechanisms of macroscopic harmonic spectra and
isolated attosecond pulses generated by a temporal asymmet-
ric laser pulse with 800-nm wavelength. Firstly, we compared
the near-field high-order harmonics spectra at the exit plane of
the gas medium at 900 Torr gas pressure driven by the asym-
metric and symmetric laser pulses, respectively. We found that
the generated harmonic spectra in the region from H56 to
H84 driven by the asymmetric pulse exhibit a smooth continu-
ous broadband (43 eV) spectrum structure. By superimposing
selected high-order harmonics (H56–H84) an IAP with a
pulse duration of 117 as was obtained, which locates around
−0.1T0. For a better understanding of the emission features
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of the harmonics in the case of the asymmetric laser pulse,
we also analyzed the time-frequency pictures of the harmonic
emissions at the exit of the gas medium. The results showed
that the harmonics above H60 have only one attosecond burst
in the time domain which mainly originated from the long-
electron-trajectory emission branch and contributed most to
the IAP generation. However, compared with the asymmetric
pulse, the harmonics generated by the symmetric laser were
unable to form a smooth continuous spectrum structure where
the synthesized attosecond pulses exhibited APTs in the time
domain. Secondly, in order to clarify the physical mecha-
nism of the generated IAP after macroscopic propagation,
we also analyzed the phase-matching conditions of the HHG
in both kinds of laser pulses. We found that the harmonic
emissions from the long-trajectory electrons in the case of
the asymmetric pulse were better phase matched than that
of the short-trajectory electrons and the harmonic emissions in
the case of the symmetric laser pulse. Furthermore, we also in-
vestigated the spatiotemporal phase-matching maps of H70 in
both kinds of laser pulses at 900 Torr gas pressure. The results
showed that the harmonic emissions from the long-trajectory
electrons in the case of the asymmetric pulse exhibited a
good transient phase matching for a long distance during the
macroscopic propagation, which led to continuous broadband
harmonic generation and contributed to IAP generation. By
analyzing the four components of the time-dependent phase
mismatching of the long-trajectory electron emissions, we
found that compared with the phase mismatching of the har-
monics in the symmetric pulse, the intrinsic harmonic dipole
phase mismatching of the long-trajectory electron emissions

in the case of the asymmetric pulse exhibited some fluctu-
ations in the time domain in the pulse leading edge during
the macroscopic propagation, which resulted in the forma-
tion of the transient phase matching. This fluctuation of the
phase mismatching could be attributed to the spatiotemporal
reshaping of the laser waveform in the case of the asym-
metric pulse when propagating in the gas medium with high
pressure. Thirdly, we studied the effect of the different gas
pressure on macroscopic HHG and IAP and found that the
spatiotemporal waveform of the laser field in the case of the
asymmetric pulse can be controlled by gas pressure, which in
turn forms the different phase-matching conditions appropri-
ate only for short- or long-trajectory electron emissions. In
particular, when the gas pressure is in the range from 800
to 1200 Torr, a “suitable” spatiotemporal reshaping of the
asymmetric laser pulse could be formed to lead to the fluc-
tuations of the phase mismatching, so that a transient phase
matching is obtained and an IAP is generated with short pulse
duration in this gas pressure range. Lastly, the chirp effects
in both kinds of laser pulses on the harmonic emissions were
also investigated. The results showed that macroscopic IAPs
can also be produced in the case of a asymmetric laser pulse
even if the chirp parameter was changed and the generated
IAPs have a similar pulse duration with the results in the
chirped-free laser pulse as long as the chirp parameter was not
excessively large.

Therefore, by using a temporal asymmetric laser field, a
smooth continuous harmonic spectrum structure can be ob-
tained during the macroscopic propagation, which will exhibit
an IAP with a short pulse duration in the time domain. It

(a) Asymmetric

(b) Symmetric

(c)

(d) Asymmetric

(e)

Symmetric

FIG. 9. The spatial evolution of the asymmetric (a) and symmetric (b) laser pulse propagated in the gas medium. (c) on-axis (r = 0) laser
intensity evolution along the propagation axis in both kinds of laser pulses. (d), (e) The electric field of the asymmetric (d) and symmetric (e)
driving laser at the entrance (z = 0) (red solid line), middle (z = 0.6 mm) [dashed blue (dark gray) line], and exit (z = 1.2 mm) [dashed green
(light gray) line] of the gas medium. The gas pressure is 900 Torr.

063109-12



MACROSCOPIC EFFECTS OF … PHYSICAL REVIEW A 107, 063109 (2023)

(a) -1.0T0

(b) -0.5T0

(c) -1.0T0

(d) -0.5T0

FIG. 10. The spatial long-path phase mismatching of H70 at −1.0T0 and −0.5T0 driven by the asymmetric (a), (b) and symmetric (c), (d)
laser pulses, in which the gas pressure is 900 Torr.

is worth noting that HHG is the macroscopic response to
the generation medium and is very sensitive to the proper-
ties of the driving lasers and the gas medium. In order to
generate the IAPs with the shortest pulse duration in exper-
iments, the width of the pulse leading edge and trailing edge
in the asymmetric pulse may be different at different gas
pressure, gas medium, laser pulse duration, chirp parameters,
and so on. Thus, our study provides an efficient approach for
the experimental work on the IAP generation in the future.
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APPENDIX A: EVOLUTION OF THE LASER
FIELD IN THE MEDIUM

When the driving laser propagated in the gas medium with
high gas pressure, its intensity decreased rapidly due to the
nonlinear propagation effects, such as spatial diffraction, ma-
terial dispersion, nonlinear self-focusing, ionization, plasma

defocusing, and so on, which led to the spatial reshaping of the
driving laser, as shown in Figs. 9(a)–9(c) [67–69]. Because of
their different temporal shapes, the spatial evolution is differ-
ent in both kinds of laser pulses; the spatial reshaping of the
asymmetric laser pulse is stronger than that of the symmetric
laser pulse. In addition, these nonlinear propagation effects
also led to the peak electric field shift in time in both kinds of
laser pulses when propagating through the gas medium; this is
the temporal reshaping of the driving laser. Furthermore, the
time shift of the peak electric field in the asymmetric laser
pulse is larger than that in the symmetric laser, especially
in the pulse leading edge, as shown in Figs. 9(d) and 9(e).
Therefore, it is the difference in the spatiotemporal reshaping
of the two kinds of driving laser pulses that resulted in the
different phase matching of the harmonics in space and time.

APPENDIX B: SPATIAL PHASE MISMATCHING
OF THE HARMONICS

Because the dispersion phase mismatching of the neutral
atomic and free electrons is gas pressure and ionization prob-
ability dependent, and the gas pressure P(z) and ionization
probability p(z, t ) is spatial and time dependent, so the phase
mismatching due to the neutral atomic dispersion and plasma
dispersion are time (t) and space (z, r) dependent. In addition,
the intrinsic harmonic dipole phase mismatching and the ge-
ometrical phase mismatching are dependent on the intensity
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gradient and the phase gradient of the laser, which can be
changed with space and time due to the spatiotemporal re-
shaping during the propagation [76,77], as shown in Fig. 9.
Therefore, the total phase mismatching is also time and space
dependent and can be calculated in the simulation. Figure 10
shows the spatial (z, r) phase mismatching of the H70 emitted
from the long trajectory at −1.0T0 and −0.5T0 in both kinds
of laser pulses. It can be seen that the phase mismatching of
HHG in the asymmetric laser pulse is different for −1.0T0

and −0.5T0. The phase mismatching of H70 at −1.0T0 nearly
keeps relatively small values within the 0–10-μm region in
the radial direction for the entire gas medium, as shown in
Fig. 10(a), which is just within the ionization time window of

the harmonic emission peak P1 in Fig. 4. However, the phase
mismatching of H70 at −0.5T0 only keeps relatively small
values for the first 0.3-mm region, as shown in Fig. 10(b). It is
the significant difference of the phase mismatching at different
times in the case of the asymmetric laser pulse that resulted
in the IAP generation. Compared with the asymmetric laser
pulse, the spatial phase mismatching of H70 in the symmetric
laser pulse at −1.0T0 and −0.5T0 is nearly the same, and keeps
relatively small values within the 0–10-μm region in the radial
direction for the entire gas medium, as shown in Figs. 10(c)
and 10(d). Therefore, there is no significant difference in
the phase mismatching at different times in the case of the
symmetric laser pulse, which leads to the APT generation.
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