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Giant half-cycle attosecond pulse generation in the coherent bremsstrahlung emission (CBE)
regime is proposed for laser pulses with normal incidence on a double-foil target, where the first foil
is transparent and the second foil is opaque. The presence of the second opaque target contributes
to the formation of a relativistic flying electron sheet (RFES) from the first-foil target. After the
RFES has passed through the second opaque target, it is decelerated sharply and bremsstrahlung
emission occurs, which results in the generation of an isolated half-cycle attosecond pulse having
an intensity of ∼ 1.4 × 1022 W/cm2 and a duration of 3.6as. The generation mechanism does not
require extra filters and may open a new regime of nonlinear attosecond science.

I. INTRODUCTION

Ultrafast-attosecond science has developed rapidly due
to the huge potential of providing unprecedented tempo-
ral and spatial resolution for the detection of ultrafast
atomic and electronic phenomena [1–3]. The high-order
harmonic generation (HHG) through laser-plasma inter-
action has been shown to be an effective way of obtaining
ultrahigh-amplitude attosecond pulses (AP) [4, 5].

Based on the extremely compact electron accelera-
tor in the laser-plasma interaction, relativistic electron
bunches are a powerful approach for producing extreme
ultraviolet and X-ray laser pulses [6–8]. The laser inter-
actions with solid target can generate extremely dense
nanometer-scale electron sheets, which are accelerated
to an ultra-relativistic velocity at the stationary phase
point where the AP is emitted in a coherent synchrotron
emission (CSE) regime [6, 9–15].

The relativistic electron sheets (RES) are formed peri-
odically twice per cycle due to the combined action of the
Lorentz and Coulomb forces [9]. This leads to a train of
intense attosecond XUV and X-ray pulses emitted by the
RES. However a single isolated AP is preferred for many
applications [16–20]. Many efforts have been devoted to
the generation of single AP, such as polarization gating
[21–27] and ionization gating [28, 29], two-color driven
laser pulses [30], few-cycle driven laser pulses [31–33],
etc.

The laser pulse interaction with double target scheme
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is also useful to produce isolated AP [34–36], where the 
first foil target is transparent and the second foil tar-get is 
opaque. Accordingly the laser pulse can penetrate the first 
foil target and is incidence on the second tar-get. When 
the RES formed from the first target collides with the 
laser pulse reflected from the second target in the gap of 
the double targets separated by a distance 140 nm, a 
single AP can be generated in the transmit-ted direction 
[34]. If the length of the gap is reduced to 60 nm with 
other laser plasma parameters unchanged, another RES is 
formed from the second thicker target and generates a 
single AP in the reflected direction. In both cases, the 
electron nanobunch from the first foil tar-get disperse 
when it penetrates the second foil target, and neither of 
these two single AP is a half-cycle pulse [34, 35]. For 
oblique incidence of an s-polarized laser pulse on the 
double-target, the RES can be achieved from the first 
ultrathin foil by the blowout regime. As the thickness and 
density of second foil target in the oblique incidence case 
are much smaller than those in the above mentioned 
case[34, 35], the RES from the first foil target doesn’t dis-
perse but transmit the second foil, where the RES gains a 
momentum perpendicular to the direction of polarization 
due to the transverse kick effects from the reflected lase 
pulse[36]. A giant half-cycle AP is emitted in the trans-
mitted direction when the RES emerge from the second 
foil [36]. If the laser pulse is normally incident on the 
double-foil target, the transverse kick will not occur in the 
direction perpendicular to the direction of polariza-tion. 
Accordingly the corresponding transverse current is 
absent and the AP is no longer emitted, as analyzed by 
theoretical analysis [36] and confirmed by experiment [37].

However, in this paper we will show that a giant half-
cycle AP can also be generated by a laser pulse with nor-
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mal incidence on a double-foil target in an entirely new
coherent bremsstrahlung emission (CBE) regime. The
second opaque target is no longer used as a reflection
target in our case. The relativistic electron nanobunch
formed by the first foil target can be continuously accel-
erated to ultrarelativistic velocity in the gap of the two
foils, and will be sharply decelerated at the rear side of
the second foil target, which results in the generation
of half-cycle AP. The half-cycle pulses are useful for the
excitation of vibrational levels in polar molecules [38],
electron and nuclear joint dynamics [39], and electron
dynamics through asymmetrical manipulation [40]. Our
CBE regime based on double-foil target scheme has un-
precedented simplicity and potential.

II. THE COHERENT BREMSSTRAHLUNG
EMISSION REGIME OF AP

Here, we highlight an entirely new regime of attosec-
ond pulses generation by the coherent bremsstrahlung
emission (CBE), where a half-cycle AP is emitted by a
laser pulse with normal incidence on a double-foil target.
Here, the first-foil target is transparent and the second-
foil target is opaque. For normal incidence of the laser
pulse linearly polarized along Z-direction on the first foil
target, the radiation pressure pushes the electron layer
forwards, which forms a relativistic oscillating electron
sheet (ROES) as shown in Fig 1(a) in the absence of
second foil target. However, in the presence of second
foil target, the laser pulse penetrating the first foil tar-
get will be reflected back by the second target, which
greatly enhances the Lorentz force. As a results, the sec-
ond opaque-foil target switches the relativistic electron
nanobunch from ROES to a relativistic flying electron
sheet (RFES) as shown in Fig 1(a) and (b). The RFES
is accelerated to ultrarelativistic velocity in the gap of
the two foils. When the transmitted laser pulse preced-
ing the RFES interacts with the second foil, a relativis-
tic electron sheet (RES) from the second foil is formed
and accelerated in the opposite direction, which results
in a huge electrostatic field (∼ 100 TVm−1) due to the
charge separation. After the RFES transits the second
foil target, the RFES are decelerated sharply by the huge
electrostatic field and a bremsstrahlung emission occurs,
which leads to the generation of half-cycle AP as shown in
Fig 1(c). In Fig 1(d), the giant isolated half-cycle AP has
a squared amplitude of a2z ≈ 6835 and a corresponding
intensity of 1.46 × 1022 W/cm2. The full-width-at-half-
maximum (FWHM) of the AP is about 3.6as. As seen
in Fig 1(e), the AP is approximately a half-cycle pulse.
Even though the transmitted half-cycle AP is produced
by the RFES formed from the first foil target, the second
foil target plays an important role for our CBE regime.
In oblique incidence case, the second foil target is mainly
used as a reflection target to achieve the transverse kick
[36, 37]. However in our case the second target has two
roles: (a) When the RFES moves forward in the gap

between two foils, it is continuously accelerated to ul-
trarelativistic velocity as a result of the reflected laser
pulse from the second-foil target. (b) When the RFES
moves in the rear side of the second foil, the RFES ob-
tains a great deceleration due to the huge Coulomb field
of Ex ∼ 100 TVm−1, which is created by the second-foil
target.

FIG. 1: (a)The dynamics for the electron density ne1 of the 
ROES without the second foil target. (b)The dynamics of 
the RFES (ne1) and the RES (ne2) in the double-foil target 
case. (c)The spatiotemporal evolution of the normalized elec-
tric field az , where the electric field of the AP is marked by a 
black ellipse. (d)The intensity profile of the AP. The close-up 
shows a FWHM of about 3.6 as. (e)The electric field of the 
AP shows approximately a half-cycle profile.

This new CBE regime of giant half-cycle AP generation 
is simulated by particle-in-cell code EPOCH [41]. The 
two-color laser pulses have a Gaussian temporal envelope

given by az1,2 = a01,02e−(t−TL)2/τ 2 
sin[ω1,2(t−TL)+φ1,2], 

where φ1 = 4.607 rad, φ2 = 5.909 rad, and τ = 0.5 TL. 
The angular frequency is ωL = 2πc/λL and the pe-
riod is TL = λL/c for λL = 800 nm. Here, ω1 = ωL, 
ω2 = 2 ωL. The amplitudes are a01 = 65, a02 = 65, 
and the corresponding intensities are 9.2 × 1021 W/cm2 

and 3.7 × 1022 W/cm2. The amplitude is normalized as 
az = eEL/(ωLmec) with EL being the electric field am-
plitude, me being the electron rest mass, e being the 
unit charge charge, and c being the speed of light in vac-
uum. The length of the one-dimensional simulation box 
is 5 λL, which is resolved by 10 000 cells per wavelength. 
The thickness of the first-foil target d1 and second-foil 
target d2 are 12 nm and 30 nm, respectively. The first-
foil target is located at 1.25 λL < x < 1.265 λL with 
density ne1 = 966 nc. The second-foil target is located at 
1.43125 λL < x < 1.46875 λL with density ne2 = 545 nc,
where nc = ω2

Lε0me/e
2 is the critical density with ε0 is 

the dielectric constant in the vacuum.
We here discuss the rationality and necessity of the 

above laser plasma parameters used in the particle-in-
cell simulations. As we aimed to achieve ultra-intense
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FIG. 2: Left column: (a)In the case of single-foil target, the 
close-up of the spatiotemporal evolution of electron density 
ne1 of ROES. (c) and (e) shows the Coulomb force fE (green 
dotted line), the Lorentz force fB (blue dotted line), and the 
resultant force fE + fB (red dotted line) acting on ROES at 
t = 2.390 TL and t = 2.420 TL, respectively. Right column:
(b)In the case of double-foil target, the close-up of the spa-
tiotemporal evolution of electron density ne1 of RFES and 
ne2 of RES. As the RFES moves in the vacuum gap between 
the two foils, (d) and (f) shows the Coulomb force fE (green 
dotted line), the Lorentz force fB (blue dotted line), and the 
resultant force fE + fB (red dotted line) acting on RFES at 
t = 2.390 TL and t = 2.420 TL, respectively. The pink-shaded 
areas in (c)-(f) stand for the position of the RFES.

AP, the density of the first foil target needs to be so high 
that the charge of the RFES is high enough. The thick-
ness of the first foil target needs to be thin enough so as to 
form the RFES in the blowout regime, because the peak 
amplitude az of the laser pulse should be larger than the 
normalized maximum electrostatic force az ≥ πne1 

d1
L

due to the charge separation [34, 42, 43]. The thickness 
and density of the second target must also be so appropri-
ate that the maximum depletion length is approximately 
equal to its thickness when the whole second target is 
compressed by the penetrated laser pulse. Only in this 
way can the electrons of the second foil target be pulled 
out completely by the combined effects of laser pondero-
motive force and the electrostatic force. Then another 
RES from the second foil is formed and accelerated in the 
opposite direction, which results in a huge electro-static 
field (∼ 100 TVm−1) due to the charge separation. The 
initial phase used here is useful for driven laser pulse to 
have an extremely steep front rising to peak intensity, 
which can blow out a major part of the electrons in the 
first foil target and contribute to the formation of RFES 
with extremely high density.

Figure 2 illustrates a comparison of simulation with
and without the second-foil target, while keeping other
parameters unchanged. In the absence of second foil,
the driven laser pulses interacts with the first transpar-
ent foil and then blowout the majority of the electrons
of the first foil. The Coulomb restoring force due to the
displacement of the electrons increases and pulls them
back when the Lorentz force decreases, which results in
a relativistic oscillation and the formation of the ROES
as shown in Fig. 1(a). Similar ROES have been ana-
lyzed in detail for AP generation in CSE regime [43].
We select the times t = 2.390TL and t = 2.420TL to
show the resultant Coulomb and Lorentz forces fE + fB
(represented by red dots in Fig. 2(c) and (e)) acting on
the ROES. Because the Coulomb force is larger than the
Lorentz force, the resultant force is negative and pulls
the ROES back to the reflected direction. The electro-
dynamics is determined by the normalized areal charge
density σ1 = πne1d1/λL ∼ 45.50, where ne1 and d1 is
the density and thickness of the first foil, respectively
[45]. As the normalized maximum amplitude a0 ∼ 116 is
larger than the areal charge density σ1 ∼ 45.5, the first
foil is a transparent target. Accordingly, the laser pulses
can penetrate the first foil target and is normally incident
on the second foil target.

FIG. 3: The electron longitudinal momentum distribution in
x− px plane at different times t = 2.200TL (a), t = 2.300TL

(b), and t = 2.400TL (c). Red dotted line indicates electrons
from the second foil target, and blue dashed line indicates
electrons from the first foil target. Momentum Px = γmevx
is normalized by P0 = mec. The green dashed line stands for
the positions of RFES at different time.

By contrast, at the time t = 2.390TL and t = 2.420TL
the resultant force fE + fB (represented by red dots in
Fig. 2(d) and (f)) acting on the relativistic electrons
is positive in the presence of the second foil target,
which is due to that the second foil is an opaque tar-
get that reflects the laser pulse and greatly enhances the
Lorentz force. The areal charge density of the second foil
σ2 = πne2d2/λL ∼ 64 is larger than the amplitude of
the laser pulse az ∼ 57. Accordingly the resultant force
is always positive, although the Coulomb force is nega-
tive as shown in Fig. 2(d) and (f). Then the RFES can
be continuously accelerated to ultrarelativistic velocity
when the RFES moves in the vacuum gap between the
two foil targets, which is confirmed in Fig. 3. We can see
that the longitudinal momentum of the RFES increases
continuously from t = 2.200TL to t = 2.400TL as shown
in Fig. 3. As a results, the second opaque-foil target
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switches the relativistic electron nanobunch from ROES
to RFES as shown in Fig 1(a) and (b).

FIG. 4: (a)In the case of double-foil target, the close-up of the
spatiotemporal evolution electron number density ne1 and ne2

that is normalized by nc when the RFES moves behind the
second-foil target. (b)-(d) shows the Coulomb force fE (green
plus marker), the Lorentz force fB (blue point marker), and
the resultant force fE+fB (red circle marker) acting on RFES
at t = 2.600TL, t = 2.700TL, and t = 2.800TL, respec-
tively. The black solid lines in (b)-(d) stand for the profile
of electron density of RFES. (e)-(g) shows the electron lon-
gitudinal momentum distribution in x− px plane at different
times t = 2.600TL, t = 2.700TL, and t = 2.800TL, respec-
tively. (h)-(j) shows the profile of AP (blue solid line) and
the electrostatic field Ex (red dashed line) at different times
t = 2.600TL, t = 2.700TL, and t = 2.800TL, respectively.

After the RFES has transited the second opaque-foil
target, the RFES will be sharply decelerated. As the
laser pulse is reflected by the second opaque-foil target,
the Lorentz force fB (represented by blue point marker
in Fig. 4(b)-(d)) acting on RFES is close to zero. The
resultant force fE + fB (represented by red circle marker
in Fig. 4(b)-(d)) acting on RFES is dominated by the
Coulomb force fE (represented by green plus marker in
Fig. 4(b)-(d)), which is very large as the electrostatic field
is about ∼ 100 TVm−1 as shown in Fig. 4(h), (i), and
(j). The longitudinal momentum of the RFES decreases
sharply due to the deceleration as shown in Fig. 4(e),

d

(f), and (g). The half-cycle AP is emitted by the RFES 
during the deceleration in the CBE regime as shown in 
Fig. 4(h), (i), and (j). It should be pointed out that 
the self-action electric and magnetic field acting on the 
RFES increases the resultant external force acting on the 
RFES, which has an enhanced deceleration effect by the 
self-action effects, as shown in Fig. 4(b), (c), and (d). 
We can see in Fig. 4(b), (c), and (d) that the negative 
Lorentz force fB increases rapidly with the increase of 
the amplitude of the emitted AP.

Here we discuss the propagation and description of the 
half-cycle AP. In Fig. 5, we illustrate the propaga-tion 
properties of the AP, which shows that the shape of half-
cycle AP remains roughly unchanged except that its 
amplitude decreases slightly with time during prop-
agation. Then one can conclude that the half-cycle AP 
can propagate stably in the vacuum for dozens of cy-cles 
in the transmitted direction. For simplicity, the half-cycle 
AP can be modeled by a delta function in time. The more 
realistic model temporal profiles is Gaus-sian temporal 
profile exp(−t2/τ2) or Sine-square tem-

0

poral profile sin2(πt/τd) for 0 < t < τd, where τd is the 
pulse width [40]. From Fig. 1(e), we can see that the half-
cycle AP has a strong asymmetric oscillation with much 
weaker and long tail of the opposite polar-ity, which can 
be described by the following function as (t/τ0)
[exp(−t2/2τ2)−b−2exp(−t/bτ0)] for t > 0. Here τ0
and b determine the duration and the asymmetry of the 
half-cycle AP, respectively [44].

FIG. 5: The evolution of the half-cycle AP is illustrated at
different times t = 5TL, t = 10TL, t = 15TL, t = 20TL,
t = 25TL, t = 30TL, t = 35TL, and t = 40TL when it
propagates in vacuum.

III. THEORETICAL ANALYSIS OF THE
HALF-CYCLE AP

Here we discuss the coherent condition in our CBE
regime. The intensity spectrum for N electrons in the
electron nanobunch is given by dI/dωN = (dI/dω1)[N +
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N(N − 1)ñe1(ω)] [12], where dI/dω1 is the intensity per
spectral bandwidth of one electron and ñe1(ω) is the
Fourier transform of the electron density profile of the
RFES. The central wavelength of the half-cycle AP is
about ∼ 40 nm according to our simulation results. The
corresponding coherence length is about lc <

λ
2 ∼ 20 nm.

The longitudinal electron bunch length of RFES is about
lb = 0.237 nm, 0.233 nm, and 0.199 nm at time t = 2.6TL,
2.7TL, and 2.8TL during the bremsstrahlung emission of
AP as shown in Fig. 4(b), (c), and (d). As the longitudi-
nal length of RFES is much smaller than the coherence
length lb << lc, the ñe1(ω) is non-zero and the emission
from the entire RFES can be coherent superposition [12].

The self-action electromagnetic field acting on the
RFES can be obtained by the thin foil model as [45]

Ez = σ1
vz

1− v2x
. (1)

The transverse dynamics of the RFES is determined by
dpz/dt = −Ez. Considering that γx = (1 − v2x)−1/2 and
vz = pz/γ, the transverse dynamics of the RFES can be
determined by

dpz
dt

= −σ1
γ2x
γ
pz, (2)

which gives that the transverse momentum pz will de-
cay exponentially on a timescale τ ∼ (σ1γ

2
x/γ)−1. Here,

the dimensionless variables with time and space are nor-
malized by ωL and c/ωL, respectively. The electric field
and plasma density are normalized by meωLc/e and
meω

2
L/4πe

2, respectively. Here, the normalized areal
charge density is σ1 ∼ 45.5. We can obtain the rela-
tivistic factor γx ∼ 10, and γ ∼ 30 from the simulation
as shown in Fig. 6(a). Accordingly the emitted pulse will
decay on the timescale ∼ 2.8 as, and the corresponding
FWHM is ∼ 3.3 as, which is close to the 3.6 as of the
simulation results in Fig. 1(d).

The spectrum of the transmitted half-cycle AP de-
pends on the normalized (by encc) transverse current
Jz(x, t) = −vz(t)ne1 (x− x0(t)) as [11, 43]

E(ω) = −π
∫∫

vz(t+ x′)ne1[x′ −X0(t+ x′)]e−iωtdx′dt.

(3)
The structure of the spectrum of E(ω) depends on the
position X0(t) of the RFES. From Fig. 6(c), we can as-
sume that the velocity of the RFES is vx(t) = v0− bnt2n.
The larger n is, the better the curve fits. Accordingly, the
position of the RFES is X0(t) = v0t− bnt2n+1/(2n+ 1).
From the approximation v2x+v2z = v2 [11], we can obtain
the transverse velocity as vz = −(2vbn)tn, which is con-
sistent with the simulation results as shown in Fig. 6(b).
Now we can obtain the spectrum of the half-cycle AP as

I(ω) = 8π4vω−1
∣∣∣Ai(n)n (ξ)

∣∣∣2 |ñe1(ω)|2 , (4)

where ξ = (v0 − 1)ω
2n

2n+1 (−bn)−
1

2n+1 . ω−
2n

2n+1 can

be approximated as ω−1 for large n. Ai(n)n (ξ) =

FIG. 6: (a) The relativistic factor γx and the full relativistic
factor γ are illustrated by blue dashed line and red dotted line,
respectively. The green dashed line stands for the positions
of RFES. (b) The transverse current density of the RFES,
normalized by J0 = ncec. (c) The longitudinal velocity vx
of RFES as a function of time. The red solid line is the
simulation results. The blue-dashed line is the fitted curve
with vx = v0 − bnt

2n for v0 ∼ 1, n = 30, and bn = 1.5 ×
1042. (d) The harmonic spectra of the half-cycle AP. The
attenuation of the spectrum follows I(ω) ∝ ω−1.

(1/2π)
∫
τneiξτeiτ

(2n+1)/(2n+1)dτ is the n-th derivative of
the generalized Airy function [11], and ñe1(ω) is the
Fourier transform of the density shape distribution of
RFES. The spectrum of harmonics is shown in Fig. 6(d).
The above theoretical prediction confirms the I(ω) ∝
ω−1 scaling law in spectrum.

IV. ROBUSTNESS OF THE HALF-CYCLE AP
GENERATION IN CBE REGIME

We have performed a series of simulations to verify
the robustness of the half-cycle AP generation in CBE
regime from the double-foil target scheme with different
laser and double foil target conditions.

A. The robustness to the target parameters

The half-cycle AP is generated by RFES, which was
formed by the first foil target. The electrodynamics of
the first foil target can be analyzed by the normalized
areal charge density [45]

σ1 = πne1
d1
λL
, (5)

where ne1 is normalized by nc. We can also expect that
the electrodynamics of RFES will be similar when the
density and the thickness of the first foil target change
simultaneously to ensure that their product ne1d1 is un-
changed. We have performed a serious of simulations to
verify the similarity of the electrodynamics of the RFES
by changing the density and thickness of the first foil
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target. The simulation results are listed in Table I. The
first column of Table I shows the thickness of the first foil
target, from 7 nm to 16 nm, and the second column rep-
resents the density of the first foil target. The unchanged
normalized areal charge density is about σ1 ∼ 45.50 in
all cases. We can see that the durations of the AP are
all below 7 as and the intensity I > 0.9×1022 W/cm2 for
all cases. As long as the normalized areal charge den-
sity is roughly the same, our unique CBE regime can al-
ways produce isolated half-cycle AP with ultra-high am-
plitude.

TABLE I: The effect of the density and the thickness of the
first foil target on half-cycle AP generation

d1(nm) ne1 a2z FWHM(as) I(×1022 W/cm2)
7 1656 5527 5.7 1.18
8 1449 6698 3.7 1.43
9 1288 6476 3.8 1.38
10 1159 5154 6.3 1.10
11 1054 5066 5.2 1.08
12 966 6835 3.5 1.46
13 892 4967 6.3 1.06
14 828 4351 6.4 0.93
15 773 5864 3.9 1.25
16 725 5455 4.2 1.16

We also investigated the robustness for different pa-
rameters about the second foil target. We explored the
effect of the density of the second foil target on the AP
generation by keeping the other parameters unchanged.
As shown in Fig. 7(a), the density of the second foil tar-
get is between 537nc and 565nc, which can support the
generation of the AP. The duration of the AP is below
6 as and the intensity is a2 > 4000. Fig. 7(b) shows the
effects of the distance l between the two foils on the AP.
If the distance is in the range of 111 nm < l < 137 nm,
the half-cycle AP is always generated with the duration
all being below 14 as.

FIG. 7: Durations (as) at FWHM and normalized intensities
for different second foil densities (a) and for different distance
between two foils (b).

B. The robustness to the laser pulse parameters

We also verify the robustness of our CBE regime about
the two-color laser pulse parameters. In our case, the
two-color laser pulses are useful for enhancing the half-
cycle AP generation yield. To explore the effect of the
two-color laser pulse on generation of AP under dif-
ferent conditions, we focused on the energy ratio and
the relative phase between the fundamental and second-
harmonic frequency laser pulses.

We first discuss the effect of the energy ratios of the two
laser pluses on the AP. The amplitude of the fundamental
and second harmonic frequency laser pulses are a1 and
a2, respectively. We change a1 and a2 on the premise
that the relationship a21 + a22 = a20 is always satisfied.
Here a20 = a201 + a202 is a constant determined by a01 =
a02 = 65. If we set β = a22/a

2
0 that represents the ratio

of the second harmonic energy to the total energy, we
can obtain that a1 =

√
1− βa0 and a2 =

√
βa0. It can

be seen from the simulation that a half-cycle AP can be
obtained with the energy ratio in the range of β = 0 ∼ 0.8
as shown in Fig. 8(a). The optimal energy ratio is β = 0.5
as illustrated by the red line in Fig. 8(a), which shows
that the amplitude and duration of the AP are ∼ 82 and
3.6 as, respectively.

We can conclude that the AP can still be effectively
generated with only fundamental-frequency laser pulses
normal incidence on the double-foil target. However,
the enhancement of intensity of half-cycle AP achieved
with second harmonic laser pulses addition. The phys-
ical mechanism for one-color laser pulse case is exactly
the same as that of two-color laser pulses case, which is
illustrated by the pink line at β = 0 in Fig. 8(a). The
formation mechanism of RFES with only fundamental-
frequency laser pulse is identical to the case of two-color
laser pulse. Accordingly the mechanism of the half-cycle
AP generation is very similar for both one-color laser
pulse case and two-color laser pulses case.

In order to illustrate the electrodynamics of the RFES
intuitively for different energy ratios, we also give the
spatiotemporal evolution of the electron number density
ne1 and ne2 in Fig. 8(b)-(i). For all cases, the electrody-
namics of the first foil target is very similar. As the laser
pulses normal irradiate on the first foil target, the radia-
tion pressure pushes the electron layer forwards to form
the RFES. For the optimal energy ratio of β = 0.5, the
maximum depletion length is approximately equal to the
second foil thickness as shown in Fig. 8(g). We find that
the electrons of the second-foil target will almost be sep-
arated from their equilibrium position to form the RES
that is accelerated to reflection direction, which ensures
that only one electron sheet acts on the generation of
half-cycle AP in transmission direction and results in the
maximum charge separation field of Ex ∼ 100 TVm−1.
Accordingly the half-cycle AP generated by deceleration
has the maximum intensity for β = 0.5.

In Fig. 9, we keep the phase φ1 = 4.607 rad of the fun-
damental frequency laser pulse unchanged, and change
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FIG. 8: (a) The profile of the intensity of the half-cycle AP
for the energy ratio in the range of β = 0 ∼ 1. The space-time
evolution of the electron number density ne/nc for different
energy ratio: (b) β = 0, (c) β = 0.1, (d) β = 0.2, (e) β = 0.3,
(f) β = 0.4, (g) β = 0.5, (h) β = 0.6, and (i) β = 0.7.

the phase φ2 of the second harmonic frequency laser pulse
to study the effect of the relative phase on AP produc-
tion. As shown in Fig. 9, when the relative phase was
within the range of 1.102 rad < ∆φ < 1.902 rad, the du-
ration of the AP are all below 8 as and the intensity de-
creases as the relative phase increases.

V. CONCLUSION

We highlight an entirely new regime of AP generation
by CBE regime for the first time. For laser pulses with
normal incidence on a double-foil target, a giant half-
cycle AP can be emitted in the CBE regime. The pres-
ence of a second foil target can control the motion of the
relativistic electron nanobunch that is blown out from the
first foil target to form the RFES. When the transmit-

ted laser pulse has normal incidence on the second foil,
it can pull the electrons out from the second foil to form
the RES that is accelerated in the reflected direction,
which results in a huge electrostatic field ∼ 100 TVm−1.
Accordingly in the rear side of the second foil target,
the RFES is decelerated rapidly by the huge electrostatic

FIG. 9: Durations (as) at FWHM and normalized intensities
a2z of the AP as functions of relative phase ∆φ between the two
color laser pulses in the case of optimal energy ratio β = 0.5.

field and bremsstrahlung emission occurs, which results
in the generation of half-cycle AP in CBE regime.

The CBE regime of the half-cycle AP generation from
the double-foil target scheme is robust, which is well veri-
fied with different laser and double foil target conditions.
As long as the normalized areal charge density is kept
unchanged, the half-cycle AP can always be emitted in
CBE regime. The AP can still be effectively generated
with only fundamental-frequency laser pulses normal in-
cidence on the double-foil target. The physical mecha-
nism for one-color laser pulse case is exactly the same
as that of two-color laser pulses case. However, the en-
hancement of the intensity of half-cycle AP achieved with
second harmonic laser pulses addition.
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B. Földes, K. Varjú, F. Tavella, A. Marcinkevicius, F.
Krausz, L. Veisz, and G. D. Tsakiris, Appl. Phys. B 101,
511 (2010).

[27] J. H. Easter, J. A. Nees, B. X. Hou, A. Mordovanakis,
G. Mourou, A. G. R. Thomas, and K. Krushelnick, New
J. Phys. 15, 025035 (2013).

[28] C. Altucci, R. Velotta, V. Tosa, P. Villoresi, F. Fras-
setto, L. Poletto, C. Vozzi, F. Calegari, M. Negro, S. De
Silvestri, and S. Stagira, Opt. Lett. 35, 2798 (2010).

[29] A. Jullien, T. Pfeifer, M. J. Abel, P. M. Nagel, M. J. Bell,
D. M. Neumark, and S. R. Leone, Appl. Phys. B 93, 433
(2008).

[30] Y. X. Zhang, S. Rykovanov, M. Shi, C. L. Zhong, X. T.
He, B. Qiao, and M. Zepf, Phys. Rev. Lett. 124, 114802
(2020).

[31] Y. Jiang, Zi-Yu Chen, Z. Liu, L. Cao, C. Zheng, R. Xie,
Y. Chao, and X. He, Opt. Lett. 46, 1285 (2021).

[32] Y. Shou, R. Hu, Z. Gong, J. Yu, J. Chen, G. Mourou, X.
Yan, and W. Ma, New J. Phys. 23, 053003 (2021).

[33] G. D. Tsakiris, K. Eidmann, J. Meyer-ter-Vehn, and F.
Krausz, New J. Phys. 8, 19 (2006).

[34] X R Xu, B Qiao, H X Chang, Y X Zhang, H Zhang, C L
Zhong, C T Zhou, S P Zhu, and X T He, Plasma Phys.
Control. Fusion 60, 045005 (2018).

[35] X. Xu, Y. Zhang, H. Zhang, H. Lu, W. Zhou, C. Zhou,
B. Dromey, S. Zhu, M. Zepf, X. He, and B. Qiao, Optica
7, 355 (2020).

[36] H. C. Wu and J. Meyer-ter-Vehn, Nat. Photonics 6, 304
(2012).

[37] W. J. Ma, J. H. Bin, H. Y. Wang, M. Yeung, C. Kreuzer,
M. Streeter, P. S. Foster, S. Cousens, D. Kiefer, B.
Dromey, X. Q. Yan, J. Meyer-ter-Vehn, M. Zepf, and
J. Schreiber, Phys. Rev. Lett. 113, 235002 (2014).

[38] A. Pakhomov, M. Arkhipov, N. Rosanov, and R.
Arkhipov, Phys. Rev. A 105, 043103 (2022).

[39] X. X. Dong, Y. R. Liu, V. Kimberg, O. Vendrell, Y. Wu,
J. G. Wang, J. Chen, and S. B. Zhang, Commun. Phys.
5, 181 (2022).

[40] A. S. Moskalenko, Z. -G. Zhu, and J. Berakdar, Phys.
Rep. 672, 1 (2017).

[41] T. D. Arber, K. Bennett, C. S. Brady, A. Lawrence-
Douglas, M. G. Ramsay, N. J. Sircombe, P. Gillies, R.
G. Evans, H. Schmitz, A. R. Bell, and C. P. Ridgers,
Plasma Phys. Control. Fusion 57, 113001 (2015).

[42] B. Qiao, M. Zepf, M. Borghesi, B. Dromey, and M.
Geissler, New J. Phys. 11, 103042 (2009).

[43] R. Pang, Y. Wang, X. Yan and B. Eliasson, Phys. Rev.
Applied 18, 024024 (2022).

[44] A.S. Moskalenko, A. Matos-Abiague, J. Berakdar, Phys.
Rev. B 74, 161303(R) (2006).

[45] S. V. Bulanov, T. Zh. Esirkepov, M. Kando, S. S. Bu-
lanov, S. G. Rykovanov, and F. Pegoraro, Phys. Plasmas
20, 123114 (2013).


	I. INTRODUCTION
	II. THE COHERENT BREMSSTRAHLUNGEMISSION REGIME OF AP
	III. THEORETICAL ANALYSIS OF THEHALF-CYCLE AP
	IV. ROBUSTNESS OF THE HALF-CYCLE APGENERATION IN CBE REGIME
	A. The robustness to the target parameters
	B. The robustness to the laser pulse parameters

	V. CONCLUSION
	Acknowledgments



