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Generation of subcycle isolated attosecond pulses by pumping ionizing gating
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We present an interesting approach named as pumping ionizing gating (PIG) for the generation of isolated
attosecond pulses (IAPs). In this regime, a short laser is used to ionize a preexisting gas grating, creating a
fast-extending plasma grating (FEPG) having an ionization front propagating with the velocity of light. A low-
intensity long counterpropagating pump pulse is then reflected by a very narrow region of the ionization front,
only where the Bragg conditions for resonant reflection is satisfied. Consequently, the pump reflection is confined
within a subcycle region called PIG, and forms a wide-band coherent IAP in combination with the frequency
up-conversion effect due to the plasma gradient. This approach results in a new scheme to generate IAPs from
long picosecond pump pulses. Three-dimensional (3D) simulations show that a 1.6 ps, 1 µm pump pulse can
be used to generate a 330 as laser pulse with a peak intensity approximately 33 times that of the pump and a
conversion efficiency of around 0.1%. These results highlight the potential of the PIG method for generating
IAPs with high conversion efficiency and peak intensity.
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I. INTRODUCTION

Ultrafast techniques have enabled the generation of laser
pulses with durations on the attosecond scale, allowing for the
direct observation of electron motion in various systems such
as atoms, molecules, and solids. Isolated attosecond pulses
(IAPs) are typically generated through gas high harmonics
generation (GHHG) with gating techniques [1–23], which
have spectral coverage from hard x-rays to extreme ultraviolet
(EUV,<120 nm) and durations as short as a few tens of
attoseconds. However, the pulse energies of these IAPs are
limited to the nanojoule range due to the low efficiency of
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high harmonics generation. Alternative methods for gener-
ating IAPs include coherent field synthesis [24–26], which
has been demonstrated to produce pulses with durations of
as short as 380 attoseconds and spectra covering the deep
ultraviolet to near infrared range [25]. It leads to longer pulse
durations while allowing for higher pulse energies (tens of mi-
crojoules). Further increasing of the IAPs energy opens new
possibilities for the nonlinear attosecond optics. However, it
is limited by the energy of the few-cycle driving pulses.

The key principle behind GHHG for generating IAPs
lies in the use of gating techniques to confine the resonant
generation zone to a narrow temporal region. However, this
inherently results in low energy transfer efficiency since a
significant portion of the driving pulse is not utilized. On the
other hand, plasma has been shown to be an effective media
for laser compression by exploiting the plasma waves [27–39]
or fast-extending plasma grating (FEPG) [40,41]. This tech-
nique enables laser compression with high peak power and
efficiency. However, the shortest duration of the output pulse
is limited to several optical cycles. In this paper, we propose
an interesting approach to making joule-level IAPs possible
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FIG. 1. (a) Illustration of the pumping ionizing gating (PIG)
formed by the gradient FEPG. (b) Scheme of IAP generation due to
pump reflection and frequency upconversion in the resonant region
(PIG).

by incorporating ionization gating techniques into the plasma
compression using a gradient FEPG. The FEPG is formed by
utilizing a short laser pulse to ionize a background gas grat-
ing, which can be created using established methods such as
stimulated Brillouin scattering (SBS) [40–46] or interference
ionization [47] in the gas medium. Following the ionization
pulse, the plasma grating has a boundary extending at the
light speed. In previous studies, the pump beam is resonantly
reflected in the bulk plasma grating region to ensure pump
depletion [40,41]. However, in our proposed scheme, as il-
lustrated in Fig. 1(a), the resonant reflection region of the
pump is confined to a narrow region at the ionization front
by selecting a proper grating period. Within this ionization
front, the gas grating is gradually ionized by the driving pulse,
resulting in an increasing average plasma density ne0ρ(ξ ),
where ξ = z − tvg, vg is the group velocity of the driving
pulse, ρ is the ionization rate, and ne0 is average electron
density of the fully ionized gas. For a grating with a period �,
the Bragg condition for resonant reflection of the pump can
only be fulfilled in a very narrow region around ξ ≈ ξ0, given
by k0N0� = π , where k0 = 2π/λ0 and λ0 are the pump wave
vector and wavelength, and N0 = (1 + √

1 − ne0ρ(ξ0)/nc)/2
represents the refractive index at the resonant region of
the FEPG [41]. Moreover, as the laser propagates through
the gradient plasma, a frequency-upconversion effect occurs
[48–52]. Consequently, the reflected pump beam is confined
and upconverted in the narrow resonant region, resulting in
a wide-band coherent IAP, as shown Fig. 1(b). Since the re-
flected pulse extracts energy from the entire long pump pulse,
we call the approach pumping ionizing gating (PIG) which
enables the IAP energy several orders of magnification higher
than the present level.

II. THEORETICAL MODEL

To explain the physical model of PIG, we first consider the
energy transfer from the pump to driving pulse by the FEPG,
which is given by the coupled-waves equation in the variable

of ξ [40]:

∂E

∂t
= − i

ω2
pe

2ω0
E0 f e2iω0δNt ,

× ∂E0

∂t
− 2vg

∂E0

∂ξ
= −i

ω2
pe

2ω0
E f e−2iω0δNt , (1)

where E and E0 are the electric filed of driving pulse and
pump pulse, respectively, ωpe =

√
nee2/meε0 is the plasma

frequency, ne is the electron density, e and me are the electron
charge and mass, ε0 is the permittivity, f ≡ δne0

ne0
is the nor-

malized FEPG amplitude, δne0 is the amplitude of the fully
ionized plasma grating, and ω0 is the pump frequency.

The electron density ne in the gradient FEPG can be written
as

ne =
⎧⎨
⎩

ne0 + δne0sin(2πξ/�), ξ < −L,

ρ[ne0 + δne0sin(2πξ/�)], −L � ξ � 0,

0, ξ > 0,

(2)

where L is the length of the ionization front.
As most regions of the gradient FEPG can not sat-

isfy the resonant condition, there is a detuning factor
of e2iω0δNt in Eq. (A3), where δN = (N − N0), N = (1 +√

1 − ρ(ξ )ne0/nc)/2 is the refraction index of the pump in
FEPG [41], and nc = ω2

0meε0/ne0e2 is the critical plasma den-
sity for the pump. One has 2k0N0� = 2π , therefore

� = λ0/(1 +
√

1 − ρ(ξ0)ne0/nc). (3)

From Eqs. (A3) and (3) it can be seen that the growth rate of
the driving pulse decreases exponentially at the position away
from the resonant point, therefore a narrow gating is created,
and it moves to the position of higher ρ as � increases.
For ρ = 1, Eq. (3) becomes the standard Bragg condition of
FEPG [41].

In a medium with a time-varying refractive index, the
laser experiences a frequency shift while maintaining a con-
stant wave vector in order to satisfy the dispersion relation
[51]. Theoretical models have been developed to describe this
phenomenon in the ionizing plasma [48–50]. In the case of
the ionizing plasma grating, although the periodic structure
also provides a time-varying refractive index, the integration
over one period is close to zero. Consequently, the frequency
upconversion effect resulting from the grating structure can
be neglected, allowing us to extend the existing theoretical
models to the gradient FEPG. To validate this assumption, we
performed particle-in-cell (PIC) simulations using the same
laser pulse to ionize the gas and the gas grating. The upcon-
verted spectra were found to be nearly identical (see Fig. 6).

For a laser-induced plasma, a roughly linear density gra-
dient is formed in the pulse front. The upconverted light
has an analytical solution of ω0

ω
Eeiωt (ξ−ξ0 ) when ωpe � ω,

where ω = ω0(1 + ctω2
pe/Lω2

0 )1/2 is the shifted laser fre-
quency. However, the upconversion process in PIG is more
complex due to the reflected pump. As the reflected pump is
mainly affected by the plasma gradient and the propagation
time, it can be approximately divided into a series of indepen-
dent infinitesimal pulses. For dE at time t , the upconverted
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TABLE I. Optimal parameters for the simulation of IAPs, where
λ, I , τ, and R are the laser central wavelength, peak intensity, FWHM
duration, and beam waist, respectively, Li is the length of gas grating.

Pump λ(µm) I (W/cm2) τ (ps) R(µm)
Value 1 4 × 1013 1.6 50

Driving pulse λ(µm) I (W/cm2) τ ( f s) R(µm)
value Arbitrary 1 × 1014 30 50
Gas grating ne0(nc ) δne0/ne0 �(µm) Li(µm)
Value 0.1 0.5 0.507 240

electric field at time t + δt can be described by

dE (t + δt ) = ω0

ω(δt )
dEeiω(δt )(ξ−ξ0 ). (4)

As the resonant region in the gradient FEPG is very narrow,
the pump reflectivity is small and E0 is approximate to a
constant in Eq. (A3), so the driving pulse has an analytical
solution by combing Eqs. (A3) and (4),

E =
∫ t

0
i
ω2

pe

2ω
E0 f e2iω0δNt+iω(ξ−ξ0 )dt . (5)

The detailed derivation of Eq. (A7) is provided in
Appendix A.

III. PIC SIMULATION

In order to further visualize the mechanism, PIC sim-
ulations were carried out using the code EPOCH [53]. A
picosecond pulse with intensity I0 = 4 × 1013 W/cm2 and
wavelength λ0 = 1 µm was used as the pump. Temporally, it
has a flat top and a 30 fs rising ramp, and the pulse duration is
calculated by the interaction length of the pump and FEPG. A
femtosecond Gaussian pulse with intensity 1014 W/cm2 and
an arbitrary wavelength served as the driving (ionizing) pulse.
In the 2D and 3D simulation, both the pump and driving pulse
beams had a six-order super Gaussian transverse distribution
with a beam waist of 50 µm. The background gas grating was
set to hydrogen with a modulation period near ∼λ0/2. The
ionization process was modeled using the Ammosov-Delone-
Krainov tunnel ionization model [54].

We first show 3D PIC simulation with high efficiency en-
ergy transfer and generation of intense IAPs. Parametric scans
of the plasma densities and groove depth allowed to identify
the optimal result of IAPs (see Appendix B), and the optimal
parameters are given in the Table I. In the simulation, a static
window of 200λ0 × 200λ0 for the transverse x and y direc-
tions and 250λ0 for the longitudinal z direction was applied.
Each cell had a size of λ0 × λ0 × λ0/100 and contained 16
particles. The output driving pulse has a FWHM duration of
330 as, and a peak intensity of ∼33I0, as shown in Fig. 2(c).
The total conversion efficiency from the pump to the IAP is
about 0.1%, which is only 1/7 of the 1D case. This is mainly
due to the imperfect formation of IAPs at the beam edge where
both the intensity of the input driving pulse and the pump
decrease, as shown in Fig. 2(b). The simulation results suggest
that the efficiency could be enhanced by employing a larger
beam with a more uniform intensity distribution.
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FIG. 2. (a) Profiles of the 3D IAPs. (b) Distribution of FWHM
pulse duration. (c) Temporal intensity of the IAP at the beam center.

Varying the FEPG periods �, some typical features of PIG
are observed as described below: First, the output driving
pulse shifts toward regions of higher average density as �

increases, with positions agreeing well with those of the reso-
nant points predicted by Eq. (3), as demonstrated in Fig. 3(b)
where several profiles of the driving pulses at different � are
gathered together. Second, the pulse amplitude rises with �,
mainly due to a stronger reflection of the pump at resonant
regions with higher average density, as depicted in Fig. 3(b).
Third, the pulse duration first swiftly decreases to attosecond
and then increases again. As � increases, the PIG gradually
forms, enabling the generation of IAPs within the range of
0.504λ0 � � � 0.507λ0. However, when the resonant region
is further shifted toward the fully ionized zone as � increases,
the range becomes wider due to a smaller density gradient.
Consequently, the pulse duration exhibits a rebound effect
after achieving its shortest value, as depicted in Fig. 3(c).
In experimental setups, the precise adjustment of � can be
achieved by varying the incident angle of the pump. The
frequency upconversion effect plays a significant role in the
IAPs generation since it can provide a much wider spectrum
for the output laser pulse. The PIC simulation shows that
the central frequency of the IAP is shifted to around 2ω0

[see Fig. 3(d)], and the pulse duration changes to more than
100 fs with the frequency over 1.8ω0 absent, indicating the
upconverted light is the key ingredient for IAPs. Moreover, we
utilized the analytical model given by Eq. (A7) to investigate
the influence of the upcoversion effect while it cannot be ex-
plicitly removed in the PIC simulation. The analytical results
with different � using Eq. (A7) with L = 8λ0 is presented
in Figs. 3(d) and 3(e). They exhibit good agreement with
the PIC simulation in terms of waveform profiles and pulse
positions, and the central frequency of the IAP is also shifted
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FIG. 3. (a) Distribution of the electron density in the gradient
FEPG. (b) Electric field of the driving pulses at different � ob-
tained by the PIC simulation. (c) The shortest durations (FWHM)
of the driving pulse with various �. (d) Spectra of the driving-pulses
at different grating periods, and the analytical solution. (e) Wave-
forms of the driving pulses at different � obtained by the analytical
solution.

TABLE II. Summary of 1D PIC simulation results with vari-
ous average plasma density(ne0) and modulation depths (δne0/ne0),
where Li is the interaction length, τ is the FWHM duration of the
driving pulse.

Case I II III IV V VI VII

ne0(nc ) 0.02 0.05 0.1 0.5 0.1 0.1 0.1
δne0/ne0 0.5 0.5 0.5 0.5 0.1 0.2 0.6
� 0.5016 0.5035 0.507 0.535 0.506 0.506 0.507
Li(mm) 0.9 0.44 0.24 0.24 0.26 0.24 0.22
Peak E (E0) 4.7 5.4 5.75 4.4 2.6 4.4 5.5
τ (fs) 0.42 0.38 0.33 0.32 0.42 0.4 0.35
efficiency(%) 0.15 0.39 0.7 1.3 0.14 0.48 0.72

to around 2ω0. Note that the pulse spectra remains constant in
the analytical model, whereas they vary in the PIC simulation
with changing �. This discrepancy can be attributed to the
assumption of a linear plasma gradient in the analytical model,
whereas the PIC simulation incorporates a nonlinear gradient.
Despite this difference, the analytical result can provide a
qualitative investigation of the frequency upconversion effect.
By disabling the upconversion effect in the analytical model,
the pulse duration increases from hundreds of attoseconds to
over 1 fs, implying that it is indispensable for IPAs.

PIG is available in a wide parameter range as it can be
formed whenever any region along the gradient FEPG satis-
fies the resonant condition. To confirm this, we summarize
the simulation results with different average densities and
modulation depths in Table II (more details are given in
Appendix B). The results show that IAPs can be obtained
at a wide range of average plasma densities (0.02nc–0.5nc)
and modulation depths (60%ne0–10%ne0). As shown in Ta-
ble II, the required interaction length for IAP decrease with
increasing average plasma density, indicating that higher
plasma densities are preferred for higher conversion effi-
ciency. However, the simulations reveal that pulse durations
become unstable and peak intensities decrease when ne0 >

0.1nc. Thus, ne0 = 0.1nc is identified as the optimal plasma
density. Furthermore, IAPs can still be generated at a modu-
lation depth as small as 10%ne0, indicating that the creation
of the required gas grating for IAPs can be significantly
simplified.

A sufficiently short input driving pulse is required to form
a narrow resonant region. However, the pulse cannot be ex-
cessively short, or the resonant region would be less than one
period, rendering it inefficient for forming a Bragg grating. In
the PIC simulation, IAPs are obtained with the input pulse
durations τin ranging from 20 fs to 90 fs, as depicted in
Fig. 4(a). The peak E first increases and then drops as τin

increases, with the maximum value of 5.75E0 at τin = 30 fs.
However, as shown in Eq. (A7) and Fig. 3(b), the peak E is
also influenced by the grating period � which slightly varies
with τin to obtain optimal IAPs. Consequently, there is a dip of
the peak E at τin of 50–60 fs when � is relatively smaller, as
shown in Fig. 4(b). In addition, a high contrast is not required,
given that the peak intensity of the input driving pulse only
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FIG. 4. Simulation results of the output FWHM duration τ

(a) and the peak E (b) of the driving pulse with various input FWHM
durations τin.

slightly surpasses the ionization threshold of the background
gas (approximately 1014 W/cm2). The requisite driving pulse
can be readily provided by commercial Ti:sapphire CPA laser
facilities.

IV. CONCLUSION

In summary, a method for generating IAPs, referred to
as the PIG mechanism, has been proposed. This approach
involves the reflection of a picosecond pump pulse by a gradi-
ent FEPG where a subcycle gating is formed in the narrow
resonant region. In cooperation with the frequency upcon-
version effect of the laser in the gradient plasma, it allows
for the generation of subcycle IAPs. The feasibility of the
approach has been demonstrated through PIC simulations,
showing that IAPs can be generated across a wide range
of average plasma densities (0.02nc–0.5nc) and modulation
depths (60%ne0–10%ne0). The 3D simulation results obtains
a 330 as IAP in a 240 µm long, 0.1nc density FEPG, with a
conversion efficiency of ∼0.1%. Using a 1 kJ, 1.6 ps, 1053 nm
laser pulse produced by chirped pulse amplification [55,56] as
the pump would allow to generate joule-level IAPs.
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APPENDIX A: ANALYTICAL SOLUTION

In order to understand the physical mechanism behind
the pumping ionizing gating (PIG) process, we begin by
examining the energy transfer from the pump pulse to the
driving pulse via a fast-extending plasma grating (FEPG).
This process can be described using the three-waves coupling
equations for laser-plasma interaction [57]:(

∂2

∂t2
− c2�2 + ω2

pe

)
A = −4πe2

me
δneA0,

(
∂2

∂t2
− c2�2 + ω2

pe

)
A0 = −4πe2

me
δneA, (A1)

(
∂2

∂t2
− c2

s �
2

)
δne = Ze2ne0

memic2
�2(AA0),
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FIG. 5. PIC simulation of the laser spectra in the ionizing gas
and gas grating at t = 200λ0/c. The laser has a FWHM duration of
30 fs, a peak intensity of 1015 W/cm2, and central wavelength of
λ0 = 1 µm. Both the background gas and gas grating have an average
density of 0.1nc. The gas grating has a period of � � 0.8λ0 or λ �
0.3λ0, and a modulation depth of 0.05nc.

where A0 and A are laser vector potentials of the pump and the
driving pulse, respectively, cs = √

ZTe/mi is the ion acoustic
velocity, Z is the plasma ion charge, Te is the plasma temper-
ature, e is the electron charge, me(i) is the electron(ion) mass,
δne is the amplitude of electron density perturbation, and ne0
is the average electron density.

The laser electric field is E = − 1
c

∂A
∂t , and the

1-one-dimensional (1D) electric field can be written E0 =
1
2 E0exp[−i(ω0t − k0x) + c.c.] and E = 1

2 Eexp[−i(ωt +
kx) + c.c.], where ω0 and k0 are the pump frequency and
wave number, and ω and k are the frequency and wave
number of the driving pulse, respectively. By using the slowly
varying envelope approximation, Eq. (A1) can be simplified
to [57]

∂E0

∂t
− vg

∂E0

∂z
= −i

ω2
pe

2ω0
E f ∗,

∂E

∂t
+ vg

∂E

∂z
= −i

ω2
pe

2ω0
E f , (A2)

(
∂2

∂t
− c2

s

∂2

∂z2

)
f = Ze2

4memic2
E0E∗,

where ωpe =
√

4πnee2/me is the plasma frequency, f ≡ δne0
ne0

is the normalized plasma density, and kB and ωB are the wave
number and frequency of the ion acoustic wave.

In the limit of a low pump intensity below the ionization
threshold and temporal scale of attoseconds, the influence of
plasma grating from laser pulses can be neglected. Therefore,
in the variable of ξ = z − vgt , Eq. (A2) can be written as [40]

∂E

∂t
= − i

ω2
pe

2ω0
E0 f e2iω0δNt ,

× ∂E0

∂t
+ 2vg

∂E0

∂ξ
= −i

ω2
pe

2ω0
E f e−2iω0δNt , (A3)
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FIG. 6. 1D simulation of IAP generation at various plasma densities and FEPG modulation depths. Evolution of (a), (c) the FWHM
duration and (b), (d) electric field of the driving pulse E at average plasma densities from 0.01nc to 0.5nc. Evolution of the FWHM duration
(e) and E at different FEPG modulation depths.

where δN is the difference of refractive index between the
point ξ and the resonant point ξ0.

In a medium with a time-varying refractive index, the
laser experiences a frequency shift while maintaining a con-
stant wave vector in order to satisfy the dispersion relation
[51]. Theoretical models have been developed to describe
this phenomenon in ionizing plasma [48–50]. In the case of
the gradient plasma grating, although the periodic structure
also provides a time-varying refractive index, the integration
over one period is close to zero. Consequently, the frequency
upconversion effect resulting from the periodic structure can
be neglected, allowing us to extend the existing theoretical
models for the gradient FEPG. To validate this assumption, we

conducted particle-in-cell (PIC) simulations using the same
laser pulse to ionize the gas and the gas grating. In the simu-
lation, the grating period is set as � � 0.8λ0 or � � 0.3λ0 in
case that the laser is reflected by the plasma grating, so both
the laser pulses in the gas and gas grating can keep the same.
The spectra were found to be nearly identical, as shown in
Fig. 5, implying the upconversion effect is not impacted by
the periodic structure of the plasma grating.

In variable ξ = z − vgt , the upconverted light can be pre-
sented as [51](

2

vg

∂

∂ξ
− 1

vg
2

∂

∂t

)
∂

∂t
E = ωpe

vg
2

ne

ne0
E. (A4)
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In general, the IAP can be obtained by numerically solving
Eqs. (A3) and (A4). In the limit of a linear plasma gradient and
ωpe � ω, the second-order t derivative in Eq. (A4) can be ne-
glected. Assuming the initial electric field is E = Eexp(iω/ξ ),
Eq. (A4) has an analytical solution of ω0

ω
Eeiωt (ξ−ξ0 ) at −L <

ξ < 0, where ω = ω0(1 + ctω2
pe/Lω2

0 )1/2 is the shifted laser
frequency [51].

For a laser induced plasma, a roughly linear density gradi-
ent can be formed in the pulse front. The upconverted light has
an analytical solution of ω0

ω
Eeiωt (ξ−ξ0 ) when ωpe � ω, where

ω = ω0(1 + ctω2
pe/Lω2

0 )1/2 is the shifted laser frequency [51].
However, the upconverted process in PIG is more complex
due the reflected pump. As the reflected pump is mainly
affected by the plasma gradient and the propagation time, it
can be approximately divided into a series of independent
infinitesimal pulses. For dE at time t , the upconverted electric
field at time t + δt can be described by Eq. (A5):

dE (t + δt ) = ω0

ω0(δt )
dEeiω(δt )(ξ−ξ0 ). (A5)

As the resonant region in gradient FPEG is very narrow, the
pump reflectivity is small and E0 is approximated to a constant

in Eq. (A3), so it is

dE = −i
ω2

pe

2ω0
E0 f e2iω0δNt dt . (A6)

Combing Eq. (A6) with Eq. (A5), the IAP has the following
analytical solution:

E =
∫ t

0
i
ω2

pe

2ω
E0 f e2iω0δNt+iω(ξ−ξ0 )dt . (A7)

APPENDIX B: SUPPLEMENTAL PIC SIMULATION

The details of the simulation results with varying average
densities and modulation depths are displayed in Fig. (6). As
shown in Figs. 6(a) and 6(c), for ne0 from 0.02nc to 0.5nc,
the full width at half maximum (FWHM) pulse duration is
found to gradually decrease as the interaction length increases,
reaching sub-500 attoseconds. After that, it does not further
decrease but oscillates between ∼1 fs and hundreds of at-
toseconds. The oscillation has a period of about hundreds of
femtoseconds, implying that it is mainly due to the plasma
instabilities such as the fluctuations of the plasma density with
a similar oscillation period, which makes the pump reflection
not exactly overlap with the IAP peak when the pulse duration
is too short. In the experiment, a proper interaction length can
be set by adjusting the pump focal depth or the length of gas
gratings. The required interaction length for IAP decreases
with higher plasma density, attributed to a stronger upconver-
sion effect at higher densities. The peak electric field of the
driving pulse initially increases with plasma density, reaching
a maximum value between 4E0 and 6E0 before saturating,
as shown in Figs. 6(b) and 6(d). The conversion efficiency
increased from 0.14% to 1.3% as the plasma density in-
creased from 0.02nc to 0.5nc. However, for plasma densities
above 0.1nc, both the electric field and pulse duration became
unstable due to more serious plasma instabilities such as mod-
ulation instability [27,40] and group velocity dispersion, as
shown in Fig. 6(c). Based on these results, a plasma density
of 0.1nc was determined to be optimal for the IAP generation
in the simulation. Moreover, for ne0 = 0.1nc, the simulation
results with the FEPG amplitudes from 60%ne0 to 10%ne0 are
displayed in Figs. 6(e) and 6(f). The simulation results show
that the peak electric field of the driving pulse decreases as the
FEPG modulation depth decreases, and the required length of
the plasma increases accordingly. However, the shortest pulse
duration is little affected, and sub-500 attoseconds pulses can
still be obtained at δne = 10%ne0. This suggests that the gen-
eration of IAPs is not strongly dependent on a large FEPG
amplitude.

As the 3D simulation result is given in the main text, the
1D and 2D simulation results are supplemented here. The 1D
simulation used a cell size of �z = λ0/200, and we found
that decreasing the cell size to λ0/1000 did not significantly
affect the results, indicating that this cell size is sufficient
for accurately simulating the IAP generation. The waveforms
of the driving pulse and pump at different times are shown
in Fig. 7(a). The amplitude of the driving pulse gradually
increases to about 5.75E0 while the pulse duration decreases
to 330 as. The pump waveform remains almost the same
as it passes through the FEPG, implying a low reflectivity.
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In the 2D simulation, the cell size was set to �x × �z =
λ0/10 × λ0/200, with x and z representing the transverse and
longitudinal directions, respectively. As shown in Fig. 7(b),
while the beam size of the driving pulse tends to decrease
as it grows, it maintains a high level of uniformity and
quality.

A video named 1Dsimulation.avi is provided to show the
dynamic process of how the IAP is formed in the 1D simu-
lation. In the video, the green fringes are the background gas
grating while the dark green fringes are the ionized plasma
grating, the blue pulse is the pump, and the red pulse driving
pulse.
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