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Ultrahigh-amplitude isolated attosecond pulses generated by a two-color laser pulse
interacting with a microstructured target
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A unique electron nanobunching mechanism using a two-color laser pulse interacting with a microstructured
foil is proposed for directly generating ultraintense isolated attosecond pulses in the transmission direction
without requiring extra filters and gating techniques. The unique nanobunching mechanism ensures that only one
electron sheet contributes to the transmitted radiation. Accordingly, the generated attosecond pulses are unipolar
and have durations at the full width at half-maximum about 5 attoseconds. The emitted ultrahigh-amplitude
isolated attosecond pulses have intensities of up to ∼1021 W/cm2, which are beyond the limitations of weak at-
tosecond pulses generated by gas harmonics sources and may open a new regime of nonlinear attosecond studies.
Unipolar pulses can be useful for probing ultrafast electron dynamics in matter via asymmetric manipulation.
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I. INTRODUCTION

Ultrafast optics has developed rapidly recently due to the
huge potential of probing the ultrafast dynamics of elec-
trons in matter [1]. Half-cycle pulses, or unipolar pulses [2],
may be useful for probing electron dynamics in solids and
atoms by asymmetrical manipulation [3–6]. Recent advances
have allowed for the generation of intense attosecond pulses
using high-order harmonic generation (HHG) by the dense
electron sheet in wakefield acceleration [7], or through the
nonlinear interaction of intense laser pulse with solid targets
with different mechanisms, such as coherent wake emission
(CWE) [8,9], relativistic oscillating mirror (ROM) [10–14],
and coherent synchrotron emission (CSE) [15–17]. An ad-
vantage of the CSE mechanism is that the intensity of
the generated attosecond pulse is much higher than that of
the incident pulse and the attosecond pulses can be emit-
ted in the transmission direction of the incident laser pulse.
Moreover, there is no strict limitation on the amplitude of the
incident pulse in the CSE regime. In the relativistic regime of
HHG, the higher laser intensities induce stronger nonlineari-
ties giving rise to higher-harmonic efficiency.

In the CSE regime, the formation and dynamics of ex-
tremely dense electron sheet is crucial for the emission of
attosecond pulses [15]. A multicycle laser pulse interacting
with a solid target usually emits a train of attosecond pulses.
However, for many applications of pump-probe techniques an
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isolated attosecond pulse is preferred. One way to produce an
isolated attosecond pulse is to use polarization gating [18,19].
The combination of polarization and ionization gating and the
spatial propagation effects was proposed for generating single
isolated attosecond pulses [20,21], which was later experi-
mentally demonstrated [22]. An isolated attosecond pulses
can be produced by a two-color multicycle laser pulse inter-
acting with a nanometer scale foil [23]. The two-color laser
pulses are useful for enhancing the attosecond extreme ultravi-
olet (EUV) yield [24–28]. Another way of producing isolated
attosecond pulse is to use a few-cycle laser pulse interacting
with a foil [29]. Recently, the direct generation of an isolated
attosecond pulse was suggested by using a 2.5-cycle laser [5]
or a 0.5-cycle laser [6] in the transmission direction. However,
when a one-cycle laser pulse is interacting with solid target, a
secondary electron nanobunch will be formed in addition to
the primary electron sheet formed in the first half cycle of the
laser. This results in that the generated attosecond pulse has
a structure of two distinct subpulses, with higher frequencies
emitted by the primary electron bunch and lower frequencies
by the secondary bunch [30].

In this paper, we propose a unique CSE regime that en-
sures only one electron sheet contributing to the transmitted
radiation, where the microstructured target is crucial for this
unique regime. We show that a normalized areal charge den-
sity of the first target layer plays an important role for the
dynamics of the electron sheet. If the density and thickness
of the first layer target change simultaneously to ensure that
the normalized areal charge density is unchanged, the elec-
trodynamics of the electron sheet will remain unchanged
and attosecond pulse generation is effective in this CSE
regime.
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FIG. 1. Schematic of an attosecond pulse (AP) generated by the
interaction of a two-color laser pulse with a microstructured foil.

II. EMISSION OF THE ISOLATED ATTOSECOND PULSE

Here, a unique electron nanobunching mechanism is pro-
posed, in which a two-color laser pulse interacting with a
microstructured foil can directly generate ultraintense iso-
lated attosecond pulses in the transmission direction. The
schematics of a two-color laser pulse interacting with a mi-
crostructured foil to generate attosecond pulses is illustrated
in Fig. 1. The microstructured target has a sandwich-like
structure with three layers. A linearly polarized (along z)
two-color laser pulse is launched in the x direction, normally
incident on the microstructured foil. An ultraintense isolated
attosecond pulses in the transmission direction is generated
without the need for extra filters and gating techniques. The
technique ensures that only one electron sheet contributes to
the transmitted radiation. The formation and dynamics of the
electron sheet is controlled by adjusting the relative phase
between the two frequency components of the two-color laser
pulse.

We used the particle-in-cell (PIC) code EPOCH [31] to
perform simulations to study the interaction and optimize
relevant parameters. The wavelength of the fundamental
frequency laser pulse is λL = 800 nm with the angular fre-
quency being ω1 = ωL = 2πc/λL and the period being TL =
λL/c = 2.67 femtoseconds. The second harmonic laser pulse
has an angular frequency ω2 = 2 ωL. The two-color laser
pulse has a normalized electric field az = eEL/(ωLmec) of
the form az = a1 + a2, where EL is the electric field am-
plitude of the laser pulse, me is the electron rest mass, e
is the unit charge charge, and c is the speed of light in
a vacuum. The two-color laser pulse has a Gaussian tem-
poral envelope given by a1,2 = a01,02e−(t−TL )2/τ 2

sin[ω1,2(t −
TL ) + φ1,2], where φ1 = 5.055 rad and φ2 = 9.200 rad are the
phases of the fundamental and second harmonic frequency
laser pulses, respectively. Here, τ = 0.5TL is related to the
duration

√
2 ln(2)τ = 0.59TL of the two-color laser pulse.

The normalized amplitudes of the fundamental and second
harmonic pulses are a01 = 40.0 and a02 = 44.4, respectively.
The corresponding intensities are 3.42 × 1021 W/cm2 and
4.22 × 1021 W/cm2 of the fundamental and second harmonic
pulses, respectively. The length of the one-dimensional sim-
ulation box is 8 λL, which is resolved by 10 000 cells per
wavelength. The microstructured target has a sandwich-like
structure with three layers. The first layer is an ultrathin
plasma film, located in the region 5 λL < x < 5.0025 λL with
high number density ne1 = 950 nc, where the critical number
density is nc = ω2

Lε0me/e2 ∼ 1.74 × 1027/m3 with ε0 being

FIG. 2. (a) The spatial profile of normalized electric field az =
eEz/(ωLmec) of the driving two-color laser pulses. (b) The normal-
ized electric field of an attosecond pulse in transmission direction.
(c) A close-up of the attosecond pulse showing a FWHM of about
5 as. The inset shows the profile of the intensity of the attosecond
pulse. (d) The spatiotemporal evolution of the normalized electron
number density ne/nc. The trajectory of electron sheet B is marked
by a green dotted line and the trajectory of electron sheets A and C
are represented by blue dotted lines.

the electric permittivity in vacuum. The second layer is at
5.0025 λL < x < 5.315 λL with number density ne2 = 50 nc.
The third layer is at 5.315 λL < x < 5.3525 λL with density
ne3 = 150 nc. The third target acts mainly as a high-pass filter
to prevent low frequency harmonics from being transmitted
in the transmission direction. We assume that the ions remain
stationary on the short timescale of the few-cycle laser pulses.

The profile of the two-color driving laser pulse is shown in
Fig. 2(a). As seen in Fig 2(b), the attosecond pulse is approx-
imately a half-cycle pulse. As seen in Fig. 2(c), an ultrahigh
amplitude isolated attosecond pulse is emitted with a squared
amplitude of a2

z ≈ 1500 and a corresponding intensity of
3.2 × 1021 W/cm2. The full width at half maximum (FWHM)
of the attosecond pulse is about 5 as. Although the attosecond
pulse is emitted by the electron sheet B mainly coming from
the second target layer as can be seen in Fig. 2(d), the presence
of the first target layer plays a crucial role for the emission
of the isolated attosecond pulse in the transmission direction.
Because of the presence of the first target layer with very high
density, the fundamental frequency laser pulse by itself is not
enough to form a high-density electron sheet. It is necessary
to introduce the second harmonic laser pulse to reduce the
oscillation period of the transverse electric field and increase
the Lorentz force, which contributes to the formation of the
electron sheet B propagating in the transmission direction.

The generation region of the isolated attosecond pulse is
shown in Fig. 2(d). When the two-color laser pulse impinges
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FIG. 3. (a) The longitudinal momentum distribution of the elec-
tron sheet B at t = 6.237 TL . (b) The longitudinal momentum
distribution of the reverse moving electron sheet A and C at t =
6.227TL after the intersection point. The three electron sheets in-
tersect at t = 6.216TL . Red color indicates electrons from the first
target layer and blue color electrons from the second target layer.
Momentum Px = γmevx is normalized by P0 = mec.

normally onto the surface of the target, the electrons are com-
pressed by the laser ponderomotive force to form the electron
sheet A, which is formed mainly from the electrons in the first
target layer. When the electron sheet A moves towards the bulk
plasma, a transient longitudinal electrostatic field is created
due to the charge separation. As a result, the electron sheet
A is accelerated backwards to the reflected direction. After
that, the secondary electron sheets B andC are simultaneously
formed, the electrons of which are mainly from the second
layer. Under the combined action of the Coulomb and Lorentz
forces, the electron sheet A keeps oscillating and moves into
the bulk plasma, which results in an ultrahigh positive charge
density in the vicinity of the first target layer due to the pres-
ence of the high-density first layer. Accordingly, the Coulomb
and Lorentz forces are strong enough to prevent almost all
of the electrons in the electron sheet B from escaping to the
vacuum to be lost. Instead, the electron sheet B is returned
back to the transmission direction as shown by the green
dotted line in Fig. 2(d). When the electron bunch B passes
through the left boundary of the target, the Lorentz force
∼v × B of the driving two-color laser pulse can continue
to accelerate the electron sheet B, which is a benefit from
the proper waveform interacting with the foil, which can be
achieved by adjusting the relative phase between the two-color
laser pulses. On the other hand, the electron sheets A and C
keep serrated oscillating in the bulk plasma and eventually
merge to form a high-density electron nanobunch, which is
illustrated by the blue dotted line in Fig. 2(d). This later
intersects with the electron sheet B at time t = 6.216TL . After
that, the combined electron sheets A and C will move in the
reflection direction and have a reverse momentum compared
to electron sheet B, which is confirmed by the dynamics of
the electron sheets A, C, and B in the phase space in Fig. 3.
Figure 3(a) shows that electron sheet B mainly originates
from the second target layer, where the momentum distribu-
tion takes the shape of a whip. Figures 3(a) and 3(b) show
that the longitudinal momentum of the backward-propagating
combined electron sheets A and C is smaller than that of the
forward propagating electron sheet B after their intersection.

FIG. 4. Left column: Attosecond pulse generation without the
first target layer while keeping other parameters unchanged. Middle
column: Attosecond pulse generation without the first target layer
while optimizing the relative phase (φ1 = 5.055 rad, φ2 = 7.600 rad)
between the two-color laser pulses. Right column: Attosecond pulse
generation without the third target layer while keeping other parame-
ters unchanged. The first row shows the spatial profile of normalized
electric field az = eEz/(ωLmec) of the driving two-color laser pulses
for the three cases. The second row gives spatiotemporal evolution
of the normalized electron number density ne/nc for the three cases.
The third row illustrates the generation of attosecond pulse in the
transmission direction without filtering for the three cases.

Accordingly, the electron sheets A and C do not contribute
to the emission of the attosecond pulse in the transmission
direction. The attosecond pulse in the transmission direction
is mainly emitted by the electron bunch B.

III. PHYSICAL MECHANISM OF
MICROSTRUCTURED TARGET

Even though the transmitted attosecond pulse is produced
by the second target layer, the first target layer plays an im-
portant role. Figure 4 shows the result in the absence of the
first target layer but keeping the other parameters the same as
in Fig. 2. As seen in Figs. 4(a), 4(b), and 4(c), the same two-
color laser pulse incident on the target produces only a low
amplitude attosecond pulse, followed by two broad subpulses.
The ponderomotive force of the two-color laser pulse is too
strong, the electron sheets A′ andC′ in Fig. 4(c) quickly spread
out in space, and other secondary electron sheets are formed at
time t = 6.017TL and t = 6.149TL . Because there is no high
density first layer, the Coulomb force is not strong enough
to make the electron sheets A′ and other secondary electron
sheets to move in the opposite direction. As a result, the
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transmitted radiation is emitted by too many electron sheets
and is no longer an isolated pulse, as seen in Figs. 4(b)
and 4(c).

Even if the phases of the two laser pulses are optimized,
as shown in Figs. 4(d), 4(e), and 4(f), with φ1 = 5.055 rad
and φ2 = 7.600 rad giving the optimized waveform plotted in
Fig. 4(d), the intensity of the attosecond pulse illustrated in
Fig. 4(f) is lower than that in the presence of the first target
layer, and there is an additional subpulse after the main pulse.
The spatiotemporal evolution of the electron number density
in Fig. 4(e) shows that the electron sheet B′′ is accelerated in
the reflected direction and escape to a vacuum. Only a portion
of the backward electron sheet B′′ returns back to the transmis-
sion direction to emit the attosecond pulse, which reduces the
intensity of the attosecond pulse in the transmission direction.

The third target layer acts mainly as a high-pass filter
to prevent low frequency harmonics from being transmitted
in the transmission direction. From Fig. 2(d), we can clearly
see that the formation of electron sheet B is not related to
the third target layer. Figures 4(g), 4(h), and 4(i) illustrate
the result in the absence of the third target layer, but keeping
the other parameters the same as in Fig. 2 except that the
thickness of the second target layer is increased by 30 nm.
We can see that the dynamics of the formation of electron
sheets B′′′, A′′′, and C′′′ are almost the same as the previous
case in that the third target layer is present shown in Fig. 2(d).
The electron sheet B′′′ is formed by the second target layer
and is responsible for the emission of the forward attosecond
pulse. The intensity of the forward attosecond pulse illustrated
in Fig. 4(i) is slightly larger than the previous case with the
third target layer, which is due to the fact that there is no
high-pass filter effect as the third target layer is absent. The
minor disadvantage of no third layer target is that a subpulse
with very low intensity appears far away from the main pulse.

IV. PHYSICAL MECHANISM OF THE TWO-COLOR
LASER PULSE

We here discuss the physical mechanism of the two-color
laser pulse with parallel or orthogonal linear polarization.
The unique waveform of the two-color laser pulse is dif-
ferent to the one-color laser pulse and is crucial for the
generation of the forward attosecond pulse. As the waveform
is heavily affected by the relative phase and energy ratio,
we made simulations with various energy ratios η = a2

1/a
2
0,

where a2
0 = a2

01 + a2
02 and a01,02 is the same as that in Fig. 2.

The fundamental (λL = 800 nm) and second harmonic fre-
quency (λL = 400 nm) laser pulses are all linearly polarized
in the z direction. The two-color laser pulse has a Gaussian
temporal envelope given by az1 = a1e−(t−TL )2/τ 2

sin[ωL(t −
TL ) + φ1] and az2 = a2e−(t−TL )2/τ 2

sin[2ωL(t − TL ) + φ2] for
the fundamental and second harmonic frequency laser pulses,
respectively. Here a1 = √

ηa0 and a2 = √
1 − ηa0. The other

parameters φ1, φ2, and τ are the same as in Fig. 2. In Fig. 5(a),
the forward attosecond pulses are generated for a range of
energy ratioa η ∼ 0.3–0.7. We obtained the optimized pa-
rameter η = 0.448 and found that the amplitude and duration
of the attosecond pulses are az ∼ 39 and 5 as in Fig. 2(c).
When the energy ratio of the fundamental frequency wave and
second harmonic wave is nearly equal, the forward attosecond

FIG. 5. (a) The forward attosecond pulse is illustrated for dif-
ferent energy ratios η. (b) Durations (as) at FWHM and normalized
intensities a2

z of the attosecond pulses as functions of the change
of phase 
φ of the second harmonic frequency laser in the case of
optimal energy ratio η = 0.448.

pulses are all isolated pulses as shown in Fig. 5(a). We also
investigate the effects of the relative phase in the case of
optimal energy ratio η = 0.448 in Fig. 5(b), where we fixed
the phase of the fundamental frequency laser φ1 = 5.055 rad
and changed the phase φ2 of the second harmonic frequency
laser pulse, which shows that with the change of phase 
φ =
φ2 − 9.2 rad, the duration at the FWHM of the attosecond
pulses are all below 10 as and the intensity a2

z > 400 for
−0.2 rad < 
φ < 0.8 rad.

The generation regime of the forward attosecond pulse can
be understood by studying the spatiotemporal evolution of
the electron number density shown in Fig. 6. For a range
of an energy ratios η ∼ 0.3–0.7 shown in Figs. 6(b) to 6(f),
the electron sheets are formed mainly from the second target
layer and their trajectories are marked by blue dotted lines.
As the electrons from the first target layer are oscillating
and move into the bulk plasma, an ultrahigh positive charge
density in the vicinity of the first target layer is formed due to
the presence of the high-density first layer. Accordingly, the
Coulomb and Lorentz forces are strong enough to make the
electron sheet return back to the transmission direction. Then
the forward attosecond pulses are generated by the electrons’
sheets when they are accelerated by the Lorentz force of the
driving two-color laser pulse, which benefits from the proper
waveform interacting with the foil. One can conclude that
the mechanism of the forward attosecond pulse generation is
similar for a wide range of energy ratios.

If the energy ratio is too small, the second harmonic laser
pulse will dominate in the laser plasma interaction. Accord-
ingly the period of electron oscillation is shortened and the
oscillation times also increases, which results in more than
one electron sheet propagating in the transmitted direction
as shown in Fig. 6(a). Then the forward attosecond pulses
[shown by the red line in Fig. 5(a) at η = 0.2] are not isolated
pulses but pulse trains. While the energy ratio is too large,
the fundamental frequency laser pulse will dominate in the
forward radiation. In the case of η = 1, the fundamental fre-
quency laser pulse is only considered. The results in Fig. 6(i)
show that the electron sheet (marked by the black dotted
line) from the second target layer will not accelerate in the
transmitted direction, but return back to the reflected direc-
tion. Although there is electron sheet (marked by the green
dotted line) from first target layer propagating to transmitted
direction, the forward radiation is very weak as the electron
density is not large enough.
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FIG. 6. The spatiotemporal evolution of the normalized electron
number density ne/nc for different energy ratio: (a) η = 0.2, (b)
η = 0.3, (c) η = 0.4, (d) η = 0.5, (e) η = 0.6 (f) η = 0.7, (g) η =
0.8 (h) η = 0.9, and (i) η = 1. The trajectory of electron sheet
responding for forward attosecond pulse emission is marked by a
blue dotted line in (b)–(f). Panel (i) shows the case where only
the fundamental frequency laser exists. The black dotted line in (i)
illustrates the electron sheet from the second target layer and the
green dotted line is referred to as the electron sheet from the first
target layer.

We considered the polarization degree effects on the
generation of the forward attosecond pulse in Fig. 7.
The fundamental frequency laser pulse is linearly polar-
ized along z and the second harmonic frequency laser
pulse is linearly polarized and along y. To consider
the effects of energy ratio, the Gaussian temporal enve-
lope is given by az1 = √

ηa0e−(t−TL )2/τ 2
sin[ωL(t − TL ) + φ1]

and ay2 = √
1 − ηa0e−(t−TL )2/τ 2

sin[2ωL(t − TL ) + φ2] for the
fundamental and second harmonic frequency laser pulses, re-
spectively, which have the same phases φ1 = φ2 = 5.055 rad.
The simulation results show that the forward attosecond pulse
can be radiated when the energy ratio is larger than ∼0.9 as
shown in Figs. 7(a) and 7(b), where the forward attosecond
pulse is illustrated and the waveform is like the elliptic polar-
ization. If the energy ratio is smaller than 0.9, the attosecond
pulse is no longer radiated. To consider the relative phase
effects on attosecond pulse generation, we fixed the energy
ratio η = 0.9 and the phase of the fundamental frequency
laser φ1 = 5.055 rad and changed the phase φ2 of the second
harmonic frequency laser pulse. The simulation results are
illustrated in Figs. 7(c) and 7(d) δφ = 0.01, 7(e) and 7(f)
δφ = 0.02, 7(g) and 7(h) δφ = 0.03, which show that the
amplitude of the attosecond pulse decreases with the increase
of the relative phase δφ.

FIG. 7. The forward attosecond pulse generation from the inter-
action of two orthogonal linear polarization laser pulses with the
microstructured target with different relative phase as (a,b) δφ = 0,
(c,d) δφ = 0.01, (e,f) δφ = 0.02, (g,h) δφ = 0.03. The left column is
the electric field amplitude of the attosecond pulse. The right column
is the intensity of attosecond pulse.

V. THEORETICAL MODEL OF FORWARD EMISSION

The emission process of the attosecond pulse can be an-
alyzed by the stationary phase method (SPM), in which it is
assumed that the HHG depends largely on the behavior of the
electrons at the stationary phase point (SPP) [15]. Figure 8(a)
shows the SPP of the transverse current distribution of elec-
tron sheet B marked with a green dot, where the electron sheet
B has an ultrarelativistic longitudinal velocity with γ ≈ 10
and the transverse velocity is close to zero. Because of the
trajectory crossing, where three electron sheets A, C, and B
meet, the electron sheets A and C has a shielding effect on
the electrostatic field ax due to the background positive ions
as illustrated in Fig. 8(b). As a result, the electrostatic field
ax is decreasing sharply from more than 50 to about 12 as
shown in Fig. 8(d). Accordingly, the electron sheet B can
continue to accelerate to ultrarelativistic velocity benefitting
from the charge compensation effect of trajectory crossing as
the Coulomb force decreases significantly after the crossing
has occurred. The number density of the electron sheet B and
the transverse field az before and after the crossing are shown
in Figs. 8(c) and 8(e), where the number density ne ∼ 680 nc
of the combined electron sheets A and C that are represented
by the blue elliptical dotted line, is much smaller than the
number density ne ∼ 1800 nc of electron sheet B. Also, the
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FIG. 8. The generation mechanism of the attosecond pulse in
transmission direction. (a) The transverse current density, normalized
by j0 = ncec. The evolution near the SPP is highlighted by a green
dot. (b) The longitudinal electric field ax = eEx/(ωLmec) distribution
near the SPP. The green and red dotted lines represent the trajectories
of the electron sheet B moving towards the transmission direction
and the electron sheets A and C towards the reflection direction,
respectively. (c)–(e) The electron density ne, transverse electric field
az, and longitudinal electric field ax before and after the crossing.
Times t = 6.216TL and t = 6.237 TL correspond to the moments of
crossing and SPP, respectively.

longitudinal velocity of the combined electron sheets A and C
is much smaller than that of electron sheet B from Figs. 3(a)
and 3(b). The resulting intensity of the attosecond pulse in
transmission direction is much larger than that in the reflected
direction.

The transverse dynamics of the electron sheet B is gov-
erned by the momentum equation

d (γ vz )

dt
= −2π (az + vxBy), (1)

where the electric field az, magnetic field By, and velocity (vx,
vz) are normalized by meωLc/e, meωL/e and c, respectively,
and time t is normalized by λL/c. We will approximate az ≈
vxBy since the electron sheet B at the SPP has an ultrarelativis-
tic longitudinal velocity vx ∼ c. The momentum equation can
then be simplified as

d (γ vz )

dt
= −4πaz. (2)

From Fig. 9(b), the transverse electric field az in the vicinity of
the SPP can be written az ≈ κ0t2 + E0, where the coefficient
κ0 = 8.359 × 105 and the constant term E0 = 11.006 are de-
termined from a quadratic fitting to the simulation result. As
the low frequency band is filtered by the third target layer, we
will pay attention to the high-frequency band of the spectrum
of the transmitted radiation. Then we only consider the first
term κ0t2 of az. Accordingly, we can derive the transverse ve-
locity vz = −α0t3 with α0 = (4π/3)(κ0/γ0) in the first-order
approximation γ ≈ γ0. The normalized (by encc) transverse
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FIG. 9. (a) The harmonic spectra of the transmitted isolated
attosecond pulse radiation behind the target. The attenuation of
high-frequency band of the spectrum follows I (ω) ∝ ω−8/7. (b) The
transverse electric field az in the vicinity of the SPP is shown by red
line. The green line indicates the result of quadratic curve fitting,
which shows that az can be approximately regarded as a parabola
with time t .

current Jz(x, t ) = −vz(t )n[x − x0(t )] is obtained as

Jz(x, t ) = α0t
3n[x − x0(t )], (3)

which is consistent with that the transverse current direc-
tion changes from negative to positive at the SPP as shown
in Fig. 8(a). Here, the position x0(t ) of the electron sheet
B can be determined from v = (ẋ2

0 + v2
z )1/2 as x0(t ) = vt −

(α0/2v)(t7/7), where v is the speed of the sheet normalized
by c. The transmitted radiation electric field can be obtained
from ET (t ) = π

∫
Jz(x, t + x)dx [32]. With the help of Eq. (3)

and the position x0(t ) of the electron sheet B, the transmitted
radiation electric field can be clearly expressed by

ET (t ) = π

∫
α0(t + x)3ne[x − x0(t + x)]dx. (4)

The Fourier transform of Eq. (4) can be written as ET (ω) =
π

∫∫
α0(t + x)3ne[x − x0(t + x)]e−iωt dxdt . By using the vari-

able substitution t + x → t ′ and the relationship dt ′ = dt , the
Fourier transform of Eq. (4) can be written in the form

ET (ω) = π

∫
ne(ξ )eiωξdξ

∫
α0t

′3e−iω[t ′−x0(t ′ )]dt ′, (5)

where we introduced ξ = x − x0(t ′). The spectrum I =
|ET (ω)|2 of the transmitted attosecond pulse can be written
as [32]

I (ω) = 4π4α2
0 (α1ω)−

8
7 |Ai′′′3 (ξ )|2 |̃n(ω)|2, (6)

where α1 = α2
0/2v, ξ = (1 − v)ω

6
7 α

− 1
7

1 , and Ai′′′3 (ξ ) =
(1/2π )

∫
τ 3eiξτ eiτ

7/7dτ is the third derivative of the
generalized Airy function [32,33] of the third kind
and ñ(ω) is the Fourier transform of the density shape
distribution of electron sheet B. The spectrum of HHG in
the transmission direction in our simulation is shown in
Fig. 9(a). It is seen that the above theoretical prediction
confirms the I (ω) ∝ ω−8/7 scaling law for high frequencies
in the spectrum. The transmitted radiation has a strong
high-frequency component, which contributes to the emission
of the ultrashort attosecond pulses. From the spectrum of
forward attosecond pulse in Fig. 9(a), one can see that the
central frequency is about ν = 10ωL/2π = 3.75 × 1015 Hz,
which means that the energy of the photon is about 15.53 eV.
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Accordingly, the generated attosecond pulse can be useful
for extreme-ultra-violet (XUV) pump-probe spectroscopy of
ultrafast dynamics of electrons in the atoms, where the energy
separation between the ground state and the first excited state
is generally larger than 10 eV [34].

VI. ROBUSTNESS OF THE UNIQUE CSE REGIME

For the transmitted radiation, it is necessary to use at least a
one-cycle driving laser pulse to ensure twice-per-cycle oscil-
lation of the electron sheet. Only in this way can the electron
sheet move in the direction of transmission. However, if we
use one-cycle or multicycle driving laser pulse interacting on
a thin nanofoil, the secondary electron sheet will be formed
inevitably besides the primary electron sheet formed in the
first half cycle of the laser pulse. The generation of this sec-
ondary electron sheet widely exists in the process of coherent
synchrotron radiation. Both the primary electron sheet and
secondary electron sheet will all contribute to the transmit-
ted radiation. Accordingly, the attosecond pulses have two
distinct subpulses and are temporally offset by 130 as [30].
In our unique CSE regime, the presence of the first target
layer ensures that only one electron sheet contributes to the
transmitted radiation.

The electrodynamics of the first target layer can be
determined by the normalized areal charge density σ1 =
2πne1e2d1/meωLc [35,36] with ne1 being the density and d1

being the thickness of the first target layer. The expression of
the normalized areal charge density can be written in another
form as

σ1 = πne1
d1

λL
, (7)

where ne1 is normalized by nc = meω
2
L/4πe2 and λL is the

wavelength of a driven laser pulse. From the expression of
σ1 we can see that the first target layer will provide a similar
background of positive charge when the product of density
and thickness remains constant to ensure that the normalized
areal charge density remains unchanged. One can also expect
that the electrodynamics of the electron sheet will be similar
when the density and thickness of the first layer target change
simultaneously to ensure that their product ne1d1 is roughly
unchanged.

We performed simulations to verify this mechanism, of
which the simulation results are listed in Table I. The first
column in the table shows that the thickness of the first
target layer varies from 3 nm to 12 nm. The second column
in the table shows that the density of the first target layer
varies from 633nc to 159nc. As the product of density ne1

and thickness d1 remains roughly unchanged, the normalized
areal charge density σ1 ∼ 7.46 for all cases. One can see from
Table I that the durations are all below 10 as and the intensity
I > 8.5 × 1020 W/cm2 for all cases, which confirms that the
unique CSE regime of attosecond pulse generation is always
effective as long as the parameter σ1 is roughly the same.

To intuitively prove that the physical mechanism of at-
tosecond pulse generation is similar in all cases in Table I,
the spatiotemporal evolution of the normalized electron num-
ber density ne/nc, the amplitude az, and intensity a2

z of the
forward attosecond pulse is illustrated in Fig. 8. Since the

TABLE I. The effect of the density and thickness of the first
target layer on attosecond pulse generation with a normalized areal
charge density σ1 ∼ 7.46 for all cases.

d1(nm) ne1 FWHM(as) az I (×1021 W/cm2)

3 633 4.9 −32.37 2.24
4 475 4.0 −32.61 2.27
5 380 3.5 −30.40 1.97
6 317 3.8 −32.64 2.27
7 271 3.2 −32.00 2.19
8 238 3.4 −27.15 1.57
9 211 4.4 −25.40 1.38
10 190 5.0 −20.36 0.88
11 172 3.8 −20.64 0.91
12 159 4.0 −19.91 0.85

physical processes of electron sheet formation and attosec-
ond pulse generation in all cases are almost the same, we
only show figures for three cases of them. The left column
gives the case with ne1 = 633nc and d1 = 3 nm. The middle
column gives the case with ne1 = 317nc and d1 = 6 nm. The
right column gives the case with ne1 = 211nc and d1 = 9 nm.
The intensity of the forward attosecond pulse will decrease
with the increase of thickness of first target layer, as shown
in Figs. 10(h) and 10(i), which is also confirmed from the
third column of Table I. The formation dynamics of the elec-
tron sheet is almost identical in the three cases as shown in
Figs. 10(a), 10(d), and 10(g), which are all very similar to
that in Fig. 2(d). When the laser pulses penetrate vertically
into the surface of the plasma, the electrons are compressed
by the laser ponderomotive force to form the first electron
sheet A. After that the second electron sheet B and the third
sheetC are simultaneously formed. On one hand, the presence
of the first target layer ensures that the combination of the
Coulomb and Lorentz forces is strong enough that almost
no electrons in the electron sheet B escape to a vacuum but
instead return back to the transmission direction as shown in
Figs. 10(a), 10(d), and 10(g). On the other hand, after crossing
between electron sheet B and electron sheets A and C as
shown in Figs. 10(a), 10(d), and 10(g), the electron sheets
A and C will move in the reflection direction. Accordingly,
the ultraintense isolated attosecond pulse in the transmission
direction is only emitted by the electron sheet B.

We discuss the possible feasibility of realizing this mi-
crostructured target regime. The first target layer can be made
by diamond-like carbon (DLC) foil [37], of which the thick-
ness can be as small as 2.9 nanometers and the electron
number density is about 311nc [38]. From Table I, the case
of d1 = 6 nm and ne = 317nc may be realized by the DLC
foil. Behind the DLC, ultrathin gold foils with nanoholes (NH)
may meet the thickness and density requirements of the sec-
ond layer target by adjusting the size of the nanospheres [39].
As discussed above, the formation and dynamics of electron
sheets A, B, and C have nothing to do with the third target
layer that only acts as a high-pass filter. It was confirmed in
Figs. 4(g), 4(h), and 4(i), where the dynamics of the formation
of electron sheets B′′′, A′′′, and C′′′ without the third target
layer are almost the same as the case with third target layer.
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FIG. 10. The left column gives the case with ne = 633nc
and d1 = 3 nm. The middle column gives the case with ne = 317nc
and d1 = 6 nm. The right column gives the case with ne = 211nc and
d1 = 9 nm. The first row gives spatiotemporal evolution of the nor-
malized electron number density ne1/nc. The second row illustrates
the intensity a2

z of attosecond pulse without filtering in transmission
direction. The third row shows the electric field az profile of the
attosecond pulses, which shows a half-cycle profile for the three
cases.

The minor disadvantage of no third layer target is that a
subpulse with very low intensity appears far away from the
main attosecond pulse. Accordingly, the first target layer and
second target layer play a crucial role in the unique CSE
regime. The microstructured target only with the first and
second target layers may be realized with present technology.
The three-layer target is expected to be realized in the future.

VII. CONCLUSION

In summary, two-color laser pulses interacting with mi-
crostructured foils is an efficient way to directly generate

ultraintense isolated attosecond pulses in the transmission
direction by the CSE mechanism without the need for extra
filters and gating techniques. In our electron nanobunching
mechanism, only one electron sheet B from the second tar-
get layer contributes to the transmitted radiation, benefitting
from the the presence of the first target layer. The resulting
attosecond pulse does not have distinct subpulses, but instead
one isolated attosecond pulse.

The electrodynamics of the electron sheets will be similar
when the density and thickness of the first layer target changes
simultaneously to ensure that their product ne1d1 is kept un-
changed. As the first target layer provides a dense background
of positive charge, the combination of the Coulomb and
Lorentz forces is strong enough that almost no electrons in the
electron sheet B [cf. Figs. 2(d) and 10(a), 10(d), and 10(g)] es-
cape to a vacuum, but instead return back to the transmission
direction and contribute to increasing sheet B to an ultrahigh
electron number density. The electron sheet B continues to
accelerate to ultrarelativistic longitudinal velocity at the SPP
due to the charge compensation effect of electron sheet A
whose electrons are almost all from the first target layer. The
robustness of this unique CSE regime is verified by changing
the plasma parameters and the relative phase between the two
driving color laser pulses. In the unique microstructured foil
regime, the attosecond pulse generation in the transmission
direction is always effective as long as the normalized areal
charge density σ1 is roughly the same. The forward attosecond
pulses are generated for a broad range of an energy ratio
η ∼ 0.3–0.7 of the two-color laser pulses with parallel linear
polarization. The amplitude of the attosecond pulse decreases
rapidly with the increase of relative phase between the two-
color laser pulses with orthogonal linear polarization.
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