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A coherent synchrotron emission regime of forward high order harmonics generation (HHG) is
proposed for the emission of an isolated unipolar half-cycle attosecond pulse by a three-color laser
pulse impinging on ultra-thin foil. A theoretical model is proposed for the electron nanobunching
mechanism and the forward radiation, which is consistent with the numerical simulation results.
As the forward HHG does not need to penetrate from the front to the rear side of the target, the
spectrum of the forward HHG has no low-frequency cutoff. The robustness of this regime is verified
with different laser and foil plasma conditions as well as the two-dimensional effects. The robustness
is also check with similarity theory, which confirms that isolated attosecond pulses can be efficiently
generated when the plasma density and the laser amplitude change simultaneously such that their
ratio remains unchanged.

PACS numbers: 73.63.Hs,73.43.Lp,52.35.Mw

I. INTRODUCTION

The interaction of high-intensity laser pulses with very
thin foil targets has attracted much attention for ion ac-
celeration [1], high order harmonics generation (HHG)
[2], and attosecond pulse generation [3]. The latter can
provide unprecedented temporal and spatial resolution
for the detection of ultrafast atomic and electronic phe-
nomena [4, 5]. Intense attosecond pulses can be gener-
ated by the locked frequency HHG from laser interac-
tion with solid targets [6]. The thin foil model has been
well developed for HHG from laser-driven thin foils [7, 8],
which is a solvable problem in the electrodynamics of H-
HG from laser-driven thin foil in the relativistic oscillat-
ing mirror (ROM) regime [9, 10] and relativistic flying
mirror (RFM) regime [11].

The coupling mechanisms in the interaction of intense
laser pulses with solid targets is related to the plasma
interface steepness and transit from the Brunel mecha-
nism to chaotic dynamic[12]. Compared with laser pulse
driven thick targets, the laser pulse impinging thin foil
produces forward HHG emission that can be observed at
the rear side of the thin foil. Forward HHG generated
at the front side of the foil has a low-frequency cut-off
in the spectrum because only harmonics above the max-
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imum plasma frequency can propagate through the thin
foil, which can be used to diagnose the generating plasma
[13–16]. The forward harmonics can also be generated
at the rear side by the coherent wake emission (CWE)
[17, 18].

Forward attosecond pulses are also generated by the
coherent synchrotron emission (CSE) [19]. When the
laser pulses interact with the thin foil, extremely dense
electron nanobunches with a delta-like peak density dis-
tribution can be periodically formed at the front surface
of the target and accelerated into the transmitted direc-
tion by the ponderomotive force of the laser [20], where
the spectrum has a low-frequency cutoff as the generat-
ed harmonics is filtered by the high-density plasma foil
and an attosecond pulse train is emitted in the rear side
of the foil. Generally the forward attosecond pulse has
the structure of two distinct subpulses, which are emit-
ted by both the primary electron sheet and the secondary
electron sheet [3]. However, an isolated attosecond pulse
is preferred for many application of pump-probe tech-
niques. More recently, the direct generation of isolat-
ed attosecond pulses in the transmission direction have
been suggested, by using a few-cycle laser pulse interact-
ing with a thin foil target, where a portion of backward
electron sheet return back to the transmission to form
the secondary electron sheet propagating in the forward
direction [21, 22]. However, the intensity of the forward
attosecond pulse is usually much smaller than that of the
incident pulse [3, 21, 22].

An advantage of the CSE mechanism is that the CSE
spectrum typically has a slower decay scaling I(ω) ∝
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ω−4/3 or I(ω) ∝ ω−6/5 [23] supporting narrower pulses
in time compared to the ROM and CWE regimes. More-
over, there is no limitation on the amplitude of the inci-
dent pulse in CSE regime, which can withstand arbitrari-
ly high fields. For the HHG in the relativistic regime, the
higher laser intensities induce stronger nonlinearities giv-
ing rise to higher harmonic efficiency. In the CSE regime,
the formation and dynamics of an extremely dense elec-
tron sheet is crucial for the emission of attosecond pulses
[19].
The aim of this paper is to propose a unique CSE

regime in the transmission direction, where the intensity
of the generated attosecond pulse can be comparable to
that of the incident pulse. The whole thin foil target con-
tributes to the formation of electron nanobunch, of which
the extremely dense electron sheet mainly come from the
rear surface of the foil. The spectrum of the generat-
ed forward harmonic has no low-frequency cutoff as the
generated forward harmonic does not need to penetrate
from the front to the back of the target. The generated
isolated attosecond pusle is a half-cycle unipolar pulse,
which may be useful for pump-probe of electron dynam-
ics in solids and atoms by asymmetrical manipulation
[21, 22, 24–26].

II. EMISSION MECHANISM OF THE
FORWARD ATTOSECOND PULSE

A. Attosecond pulse generation from electron sheet

We consider a new electron nanobunching regime, in
which the thin foil target is compressed by a three-color
laser pulse to form an electron nanobunch. The for-
mation and dynamics of the electron sheet is controlled
by adjusting the relative phases between the three-color
laser pulses. This nanobunching regime ensures that only
one electron sheet contributes to the transmitted radia-
tion so that an ultra-intense isolated attosecond pulse
is generated in the transmission direction without the
need for extra filters and gating techniques. As seen
in Fig. 1(c), an ultra-high amplitude isolated attosecond
pulse is emitted and propagates in the transmission di-
rection, with a squared amplitude of a2z ≈ 24000 and a
corresponding intensity of 4.8 × 1022 W/cm2. The at-
tosecond pulse is a half-cycle pulse and has a full width
at half maximum (FWHM) in time of about 7 attosec-
onds as shown by the close-up of the inset in Fig. 1(c).

The fundamental mechanism for the isolated attosec-
ond pulse generation is studied using the particle-in-cell
(PIC) code EPOCH [27]. A linearly polarized (along z)
three-color laser pulse is launched in the x direction, nor-
mally incident on the ultrathin foil. The wavelength of
the fundamental frequency laser pulse is λL = 800 nm
with the angular frequency being ω1 = ωL = 2πc/λL

and the period being TL = λL/c = 2.67 femtosecond-
s. The second and the third harmonic components have

FIG. 1: (a) The spatiotemporal evolution of the normal-
ized electron number density ne/nc from time t = 7.9TL to
t = 8.5TL. Extremely dense electron sheets are produced in
the laser-plasma interaction, which result in forward attosec-
ond pulses generation. (b) The waveform of the normalized
electric field az = eEz/(ωLmec) from the three-color laser
pulses before it interacts with the foil. (c) The generated at-
tosecond pulse in the transmission direction. The left inset
shows a unipolar profile and the right inset shows a close-up of
the attosecond pulse having a FWHM of about 7 attoseconds.

angular frequencies ω2 = 2ωL and ω3 = 3ωL, respective-
ly. The combined laser pulse has a normalized electric
field az = eEL/(ωLmec) of the form az = a1 + a2 + a3,
where EL is the electric field amplitude of the laser
pulse, me is the electron rest mass, e is the unit charge,
and c is the speed of light in vacuum. The three
laser pulses have a Gaussian temporal envelope given by

a1,2,3 = a01,02,03e
−(t−TL)2/τ2

sin[ω1,2,3(t − TL) + ϕ1,2,3],
where ϕ1 = 6.055 rad, ϕ2 = 5.960 rad and ϕ3 = 5.965 rad
are the phases of the fundamental, second, and third
harmonic frequency laser pulse, respectively. Here, τ =
0.5TL and the duration

√
2 ln(2)τ = 0.59TL is the FWH-

M in time of the three-color laser pulse. The normalized
amplitudes of the fundamental, second, and third har-
monic pulses are a01 = 50, a02 = 50, and a03 = 48,
respectively. The fundamental and second harmonic fre-
quency laser pulses have the same intensity I1 = I2 =
5.35 × 1021 W/cm2. The intensity of the third harmon-
ic laser pulse is I3 = 4.9 × 1021 W/cm2. The length of
the one-dimensional simulation box is 8 λL, which is re-
solved by 20 000 cells per wavelength and 100 quasipar-
ticles per cell. The ultra-thin plasma foil is located in
the region 7λL < x < 7.075λL with a high number den-
sity ne = 444nc, where the critical number density is
nc = ω2

Lϵ0me/e
2 with ϵ0 being the electric permittivity

in vacuum. The electrons and ions are uniformly dis-
tributed at first.

The unique waveform of the three-color laser pulse is
the main factor in the formation and dynamics of an ex-
tremely dense electron sheet that is crucial for the emis-
sion of the isolated attosecond pulse. For the transmitted
radiation, it is necessary to use at least a one-cycle driv-
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ing laser pulse to ensure twice-per-cycle oscillation of the
electron sheet. Only in this way can the electron sheet
move in the direction of transmission. The waveform of
the three-color laser pulses with the present carrier enve-
lope phase (CEP) has only one large amplitude cycle that
rises and falls faster than for the fundamental frequency
laser pulse alone, which is similar to the case of two-color
laser pulses[28]. It is the strongest cycle that primarily
contributes to the formation of electron sheet moving in
transmitted direction, The weak cycles in the rising side
of the laser pulse only produce slight perturbations on
the plasma front surface.

When the strongest cycle of the three color laser puls-
es (as marked by a blue dotted rectangle in Fig. 1(b))
interacts with the foil plasma, the majority of the elec-
trons from the thin foil are pushed from their equilib-
rium position towards the target by the Lorentz force.
The Coulomb restoring force due to the displacement of
the electrons increases and pulls them back when Lorentz
force decreases, which results in the relativistic electrons
oscillating twice around the ion background as marked
by the blue dotted rectangle in Fig. 1(a). After the rela-
tivistic oscillating twice, these electrons pile up and form
the self-organized dense electron nanobunch A shown in
Fig. 1(a). When electron nanobunch A return back to
bulk plasma, those relatively dispersed electrons on the
right side of A converge into electron sheet B under the
action of Lorentz force from the driven laser pulses as
marked by the red dashed rectangle box in Fig. 1(b).

The emission process of the attosecond pulse is ana-
lyzed by the phase space evolution in Fig. 2, which shows
that the formation of the ultra-dense electron sheet B oc-
curs at t = 8.368TL as the electron nanobunch returns
back to target plasma. The position of the electron sheet
B is illustrated by a green dotted line. After that, the
electron sheet B is accelerated to ultra-relativistic veloc-
ity by the electrostatic force and ponderomotive force,
where the strong charge separation field ax and the laser
pulse field az are shown in Figs. 2(g), 2(h), and 2(i) dur-
ing this period. During the acceleration of the electron
sheet B, the longitudinal momentum of the sheet B grows
constantly with time, during which the distribution takes
the shape of a whip from t = 8.368TL to t = 8.446TL

as shown in Figs. 2(a), 2(b), and 2(c). The transverse
momentum decreases with time as shown in Figs. 2(e)
and 2(f) at t = 8.407TL and t = 8.446TL, respectively.
The lateral acceleration in the z direction reaches a max-
imum value as the longitudinal velocity reaches a velocity
close to c at t = 8.446TL. The transverse acceleration is
due to the weak half-cycle of the laser pulses marked by
the red dashed box in Fig. 1(a), which is also confirmed
in Fig. 2(i), where the strong transverse field is about
az ∼ 75 at time t = 8.446TL.

FIG. 2: The first row shows electron longitudinal momentum
distribution in phase space in x− px plane at different times
t = 8.368TL (a), t = 8.407TL (b), and t = 8.446TL (c),
where the color bar stands for the number of macro particles.
The nanobunching starts at t = 8.368TL and the longitu-
dinal velocity of electron sheet B reaches its maximum at
t = 8.446TL. The second row (d)-(f) shows electron trans-
verse momentum distribution in phase space in x − pz plane
at the different times. The third row (g)-(i) shows the charge
separation field ax (blue line) and the laser pulse field az (red
dashed line) acting on electron sheet B at the different times
. The green dotted line stands for the positions of electron
sheet B at different time.

B. Theoretical analysis

The high frequency spectrum of the forward pulse is
determined by the transverse nonlinear electric current
of the ultrathin foil as [7]

Jz(x, t) = −2σ0δ (x− x0(t)) vz(t). (1)

Here we consider a delta-like peak electric current density
distribution and x0(t) is the position of the electron sheet
B at time t. The transverse velocity is vz(t) = Az(t)/γ

with the relativistic factor being γ =
√

1 +A2
z, where Az

is vector potential of the driven laser pulse and is normal-
ized bymec

2/e. The dimensionless areal charge density is
σ0 = πned0/λ with d0 being the thickness of the foil and
λ being the wavelength of the driven laser pulse [7]. The
relationship between the dimensionless electric field az
and dimensionless vector potential Az is az = −dAz/dt.
For convenience, we use the dimensionless vector poten-
tial Az to investigate the high frequency spectrum of the
forward pulse. The dimensionless vector potential of the
three-color laser pulse Az = A1 +A2 +A3 is given as

Az(t) =A01e
− t2

τ2 cos(2πt+ ϕ1)

+A02e
− t2

τ2 cos(4πt+ ϕ2)

+A03e
− t2

τ2 cos(6πt+ ϕ3),

(2)
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where τ is related to the FWHM
√
2 ln(2)τ in time of

the three-color laser pulses. t and τ are all normalized by
λ/c. The space argument x is normalized by λ. A01, A02,
and A03 are the normalized vector potential amplitudes
of the fundamental, second, and third harmonic pulses,
respectively. The first order approximation γ ≈ γ0 gives
the transverse velocity as

vz = vz0 − α t2, (3)

where the coefficients vz0 = γ−1
0 [A01(1−ϕ2

1/2)+A02(1−
ϕ2
2/2) + A03(1 − ϕ2

3/2)] and α = γ−1
0 [A01(4π

2τ2 + 2 −
ϕ2
1)/2τ

2 +A02(16π
2τ2 +2− ϕ2

2)/2τ
2 +A03(36π

2τ2 +2−
ϕ2
3)/2τ

2]. Here the first power term of time t is omitted
as we focus on the high frequency spectrum of the for-
ward pulse. As the electron sheet B has ultrarelativistic
velocity, the absolute velocity normalized by c is close to
1. Then by using the relationship v2x + v2z = v2 with vx
being the longitudinal velocity of the electron sheet B,
we can obtain the position x0(t) =

∫
vxdt of the electron

sheet B as

x0(t) =
√
v2 − v2z0t+

αvz0√
v2 − v2z0

t3

3
− α2

2
√
v2 − v2z0

t5

5
,

(4)
Here the normalized velocity is close to 1 (v ∼ 1). The
transmitted radiation can be determined by the trans-
verse current distribution Jz(x, t) that is normalized by
encc, where the transverse current density distribution is
assumed unchanged. The transmitted field is given as

E(t) = −π

∫
Jz(x, t+ x)dx

= 2σ0π

∫
vz(t+ x)δ (x− x0(t+ x)) dx.

(5)

The Fourier transform of the field E(t) gives the spec-
trum of the transmitted radiation as [29]

I(ω) = 8σ0α
2π4 (βω)

− 6
5

∣∣∣Ai′′2 (ξ)∣∣∣2 , (6)

where ξ = ω
4
5 (1 −

√
v2 − v2z0)(2

√
v2 − v2z0/α

2)
1
5 , β =

α2/2
√
v2 − v2z0, and Ai

′′

2 (ξ) = (1/2π)
∫
τ2eiξτeiτ

5/5dτ is
the second derivative of the generalized Airy function
[29] of the second kind. Here we used the fact that∣∣∣δ̃(ω)∣∣∣2 ∼ 1 with δ̃(ω) being the Fourier transform of the

δ function. The spectrum of HHG in the transmission
direction in simulation shows that attosecond pulse has
up to 10 000 order higher harmonic components as shown
in Fig. 3(a), which is consistent with the above theoreti-
cal prediction confirms the I(ω) ∝ ω−6/5 scaling law for
high frequencies in spectrum. Generally, the spectrum of
HHG of the reflected radiation has been shown to have
a I(ω) ∝ ω−6/5 scaling law[29]. While, the spectrum of
HHG of the transmitted radiation from a thin foil has a
I(ω) ∝ ω−4/3 scaling law[20]. For our attosecond pulse
from the ultra-thin target, the dense electron sheet B
comes mainly from the rear surface of the thin foil as

shown in Fig. 3(b). Accordingly the forward HHG does
not need to penetrate from the front to the rear side of
the target. In our geometry the high density plasma is no
longer a high-pass frequency filter. Then the spectrum
of the forward HHG does not have a low-frequency cutoff
as seen in Fig. 3(a).

FIG. 3: (a)The harmonic spectra of the transmitted isolated
attosecond pulse radiation behind the target. The attenuation
of the spectrum follows I(ω) ∝ ω−6/5. (b) Electron trajectory
in the x− t plane.

III. THE MECHANISM OF THE ELECTRON
NANOBUNCHING

A. Numerical analysis of nanobunching

From the insight of the structure of the dense electron
nanobunch A as illustrated in Fig. 4(a), the relatively
dispersed electrons on the right side converge into dense
electron sheet B just as the bunch reverses its direction
towards the target. In the CSE regime, the formation and
dynamics of the very dense electron sheet B is crucial for
the emission of a forward attosecond pulse.

The physical mechanisms of the electron sheets A and
B are illustrated in Figs. 4(b) and 4(c). When the elec-
tron nanobunch A is moving in the reflection direction
with a negative longitudinal momentum, the resultant
Coulomb and Lorentz forces fE +fB (represented by red
dots in Fig. 4(b)) acting on those electrons on the right
side of electron nanobunch A decreases gradually from
left to right, which can be seen from three representa-
tive space positions marked as a, b, and c in Fig. 4(b), of
which the electron longitudinal momentum have little d-
ifference as shown in Fig. 4(c). As the Coulomb force fE
(represented by green dots in Fig. 4(b)) acting on those
electrons on the right side of electron nanobunch A in-
creases gradually from left to right, the Lorentz force fB
(represented by blue dots in Fig. 4(b)) from laser pulse,
which decreases gradually from left to right as the the
incident laser field is shielded by the dense nanobunches
gradually from left to right, plays a leading role in forma-
tion of electron sheet B. Since the resultant force fB+fE
on the electrons is in the right-hand direction contrary to
the direction of motion, the relatively dispersed electron-
s that are on the right of electron sheet A will converge
into electron sheet B.
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FIG. 4: (a)The close-up of the spatiotemporal evolution of the
normalized electron number density ne/nc of the blue box in
the Fig. 1(a), where we marked six representative space posi-
tions x = 6.995λL, x = 6.997λL, and x = 6.999λL marked as
1, 2, 3 at time t = 8.375TL and x = 7.005λL, x = 7.008λL,
x = 7.011λL marked as a, b, c at time t = 8.355TL with
solid red dots. (b)and (d) show the 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
electron nanobunch B at time t = 8.355TL and electron
nanobunch A at time t = 8.375TL, respectively. (c) and (e)
show the electron number density and the longitudinal mo-
mentum distribution of the nanobunches at time t = 8.355TL

and t = 8.375TL, respectively. The force is normalized by
cB0 with B0 = meω/c. The momentum Px = γmevx is nor-
malized by P0 = mec with vx being the longitudinal velocity
of electrons.

By contrast, at the time t = 8.375TL the resultant
force fE + fB acting on electrons of nanobunch A in-
creases gradually from left to right, while the magnitude
of negative longitudinal momentum increases gradually
from left to right. Accordingly, the electron on the right
deflects much earlier than the electron on the left of A.
At the end of the strong relativistic oscillation twice, the
electron nanobunch A is dispersed during acceleration
by the electrostatic restoring force after it returns back
to target, which can be clearly shown in Figs. 4(d) and
4(e). We select the moment t = 8.375TL to show the
process of spreading of A, where it can be seen that the
positive longitudinal momentum of electrons at the three
representative spatial positions (marked as 1, 2, and 3)
gradually increase from left to right as shown in Fig. 4(d).

Moreover, the electrostatic field force fE (represented by
green dots in Fig. 4(d)) acting on the electron also in-
creases from left to right. There is little difference in
the magnitude of Lorentz force fB acting on electrons at
different positions. Therefore, it can be concluded that
electrons on the right will run faster than those on the
left, which result in the spreading of A during accelera-
tion. The electron density to the left of electron sheet B is
greatly reduced as shown in Fig. 4(e), which reduces the
shielding effect on the laser field. As a result, the weak
half-cycle of the laser pulse marked by the red dashed
box in Fig. 1(a) can easily penetrate nanobunch A and
provide a large transverse perturbation on electron sheet
B.

B. Theoretical model of nanobunching

We here analytically investigate the formation of the
electron sheet B in the laser-plasma interactions in the
ultrarelativistic limit. From the numerical simulation re-
sults, one can see that the relativistic oscillation is crucial
for the formation of electron sheet B. The dynamics of
the electron sheet B is governed by the momentum equa-
tion

d(γvx)

dt
= −2π (ax − vzBy) , (7)

where the electric field ax, magnetic field By, and veloc-
ity (vx, vz) are normalized by meωLc/e, meωL/e, and
c, respectively. The time argument t is normalized by
λ/c. We assume that the transverse laser field and the
transverse momentum of electron remains basically un-
changed in the process of electron convergence. Then Eq.
(7) can approximately stand for the formation process of
electronic sheet. The electrostatic electric field can be
written as

ax(x(t), t) = 2π

∫ x(t)

−∞
(Zini0 − ne(x

′, t))dx′, (8)

where Zi is the charge number of ion. The unperturbed
ion number density ni0 and electron number density ne

are normalized by nc. The space argument x and x′ are
normalized by λ. Here we assume that the ions remain
stationary under the action of the driven laser pulse. The
total derivative of the electrostatic electric field with re-
spect to time is

dax(x(t), t)

dt
=

2π

[
dx

dt
(Zini0 − ne(x, t)) +

∫ x(t)

−∞

∂(Zini0 − ne(x
′, t))

∂t
dx′

]
,

(9)
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Since the ion number density is constant, Eq.(9) simpli-
fies as

dax(x(t), t)

dt
=

2π

[
vx (Zini0 − ne(x, t))−

∫ x(t)

−∞

∂ne(x
′, t)

∂t
dx′

]
,

(10)

In a fluid picture, the electrons satisfy the continuity e-
quation of the fluid vxne(x, t) +

∫ x

−∞[∂ne(x
′, t)/∂t]dx′ =

0. Then Eq. (10) can be simplified as dax/dt =
2πvxZini0 = 2πvxne0 with ne0 being the unperturbed e-
quilibrium electron number density satisfying the charge
neutrality ne0 = Zini0. Then from Eq. (7) and the above
results, one can obtain the equation governing longitudi-
nal dynamics as

d2px
dt2

=
−4π2ne0px√
1 + p2x + p2z

, (11)

where we assumed that the transverse laser magnetic field
and the transverse momentum of electrons remain un-
changed during the nanobunching when the bunch re-
verses its direction toward the target. If the longitudinal
momentum of the electron sheet B is obtained from E-
q.(11), the spatial coordinates of the electron sheet B at
any time can be obtained as

x(t) =

∫ t

0

px(t
′)√

1 + px(t′)2 + p2z
dt′. (12)

We take time derivative of Eq. (12) and use Eq. (11) in
Eq. (12) as

dx(t)

dt
=

px(t)√
1 + px(t)2 + p2z

= − 1

4π2ne0

d2px
dt2

. (13)

Integrating Eq. (13) once, one obtain that x(t) =
C1 − (1/4π2ne0)dpx(t)/dt with C1 being the integra-
tion constant. Assuming a coordinate system such that
dpx/dt = 0 at t = 0, we have C1 = 0 and

dpx(t)

dt
= −4πne0x(t). (14)

We multiply Eq.(11) by dpx/dt as

1

2

d

dt

(
dpx(t)

dt

)2

= −4πne0
d

dt

√
1 + px(t)2 + p2z. (15)

Integrating Eq. (15) once, one obtain that 1
2

(
dpx(t)

dt

)2

=

C2 − 4πne0

√
1 + px(t)2 + p2z with C2 being the inte-

gration constant. We assume px(t) = px0 at t =
0, where dpx/dt = 0. Then the constant is C2 =

4πne0

√
1 + p2x0 + p2z. We have

1

2

(
dpx(t)

dt

)2

= 4πne0

(√
1 + p2x0 + p2z −

√
1 + px(t)2 + p2z

)
.

(16)

Using Eq. (14) in Eq. (16), after simplification one ob-
tains the phase space relation as

2πne0x
2(t) +

√
1 + px(t)2 + p2z =

√
1 + p2x0 + p2z, (17)

which gives x(t) as a function of px(t) for different values
px0 and pz. Both the phase space and time-space evolu-
tion of the electron trajectory are dependent on the initial
conditions, which can be obtained from the simulation re-
sults shown in Figs. 4(b) and 4(c). The solution of the
second order differential Eq. (11) gives the nanobunch-
ing process in Fig. 5(a), where we have used the initial
condition as pz = −2.5, px = −7.5,−7.6,−7.7,−7.8,
dpx/dt = 110, 109, 108, 107. Fig. 5(b) is used to ex-
plain the divergence mechanism of electron nanobunch
A as shown in Fig. 4(a), where the initial condition-
s are taken as pz = −4, px = −10,−9.5,−9,−8.5,
dpx/dt = 100, 102, 104, 106, which can be obtained from
Figs. 4(d) and 4(e). The main reason for the divergence
of the electron sheet is that the Lorentz forces of the laser
field on the electrons at different spatial positions and the
longitudinal velocity of those electrons in A are quite d-
ifferent. One can see that the theoretical model agrees
well with the simulation results about the nanobunching
process of B and the divergence mechanism of A.

λ λ

FIG. 5: Electron trajectory in the x − t plane from the an-
alytical model. (a) The nanobunching model for explaining
the convergence mechanism of electrons. (b) The model for
explaining the divergence mechanism of electron nanobunch.

IV. SIMILARITY LAW OF FORWARD
ATTOSECOND PULSE

We verify the robustness of our unique CSE regime of
the forward attosecond pulse with the help of similari-
ty parameters S = ne/am with ne being the normalized
electron density by critical density nc and am being the
normalized maximum amplitude of strongest cycle of the
three-color laser pulses. Similarity theories are useful to
describe electron dynamics in laser plasma interaction
processes [30], and have been used to investigate the H-
HG of the reflected radiation in ROM regime [31, 32].
We here show that the forward HHG by the laser driven
ultra thin target also has a similarity law in CSE regime.

Ultra-high amplitude isolated attosecond pulses generated in transmission from ultrathin foil regime
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FIG. 6: (a) The similarity law of the forward attosecond pulse
generation in CSE regime demonstrated numerically by six
cases. The close-up of the attosecond pulse shows a FWHM
of (b) 7 as for ne = 300nc, (c) 7 as for ne = 400nc, (d) 7 as for
ne = 500nc, (e) 7 as for ne = 600nc, (f) 5 as for ne = 700nc,
and (g) 3.5 as for ne = 800nc.

We numerically verify the similarity theory about the
forward attosecond pulse emission in the CSE regime.
The three-color laser amplitude and plasma electron den-
sity parameters are shown in Table I. From Fig. 6(a), one
can see the isolated unipolar attosecond pulses emission
has similarity states and results with approximately equal
similarity parameters S ∼ 3.51, although am and ne are
different in these six cases. When the plasma density and
the laser amplitude change simultaneously to ensure sim-
ilarity parameter is constant, the electron nanobunching
dynamics and the forward attosecond pulse emission pro-
cess remain similar. The three color laser amplitude and
the electron density are given in the Table 1, where one
can see the value of similar parameters is about S ∼ 3.51.
The phases of the three-color laser pulses are taken as
ϕ1 = 6.055 rad, ϕ2 = 5.960 rad and ϕ3 = 5.965 rad. The
thickness of the target is 60 nm for all cases. For all six
cases, the generated forward attosecond pulses are al-
l isolated and unipolar pulse. From the overall trend of
Fig. 6(a), the greater the amplitude of the driving laser
pulse leads to the greater the amplitud of the generated

attosecond pulse, of which the duration at FWHM are
all sub-10 attosecond as shown by the close-up of the at-
tosecond pulse about the six cases in Figs. 6(b)-6(g). For
the case of ne = 800nc, the attosecond pulse has an in-
tensity of up to I ∼ 8.2 × 1022 W/cm2 and a FWHM of
about 3.5 as.

TABLE I: The sililarity parameters S = ne/am of for-
ward attosecond pulse generation in CSE regime. am

is the maximum amplitude of the strongest cycle of the
three color laser pulses.

ne a01 a02 a03 am S

300 35 32 33 84.37 3.56

400 44.5 45 43.5 112.8 3.55

500 56.77 56.78 54.51 142.4 3.51

600 68.1 68.6 65.55 171.5 3.50

700 80.1 80 78 201.8 3.47

800 91 92 87 228.9 3.49

The longitudinal dynamics of the ultrathin foil is de-
termined by the combined effects of laser ponderomotive
force and electrostatic force. For a given foil thickness
d0, the value of similar parameters can be estimated by
the balance between the laser ponderomotive force and
the electrostatic force [7, 32]

(1 +R)am = 2π
d0
λ
ne, (18)

where R is the laser reflectivity[7] and d0 is the thickness
of the foil target. Here we assume that the whole tar-
get is compressed to a so thin thickness that the number
density of electrons can be regarded as a delta-like peak
density distribution. Accordingly the maximum deple-
tion length is approximately equal to foil thickness d0.
Then one can get the approximate value range of the
similarity parameter S as

λ

2πd0
< S <

λ

πd0
. (19)

From Eq.(14), we can obtain the similarity parameter
2.1 < S < 4.2 with the wavelength λ = 800 nm and the
foil thickness d0 = 60nm.

In order to further verify the similarity law of forward
attosecond pulse generation scheme at lower laser inten-
sity, we consider the three-color laser pulses interaction
with near critical density foil plasma. From Table I one
see that the similarity parameters S slightly increases
with the decrease of the laser pulse intensity, which is
due to the fact that the relativistic effects on the plasma
density also decreases as the intensity decreases. The self-
induced relativistic transparency effect is reduced. As
expected, the simulation at lower laser intensity shows
that the isolated attosecond pulses can also be emitted

Ultra-high amplitude isolated attosecond pulses generated in transmission from ultrathin foil regime
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with larger similarity parameters S as shown in Fig. 7. In
this CSE regime, the HHG is coherently superimposed to
produce high quality isolated attosecond pulses. As the
stronger nonlinearities give rise to the higher harmon-
ic efficiency in deed, the higher harmonic efficiency will
decrease with the decrease of laser intensity, which will
cause the pulse duration to become larger as shown in
Fig. 7.

FIG. 7: The forward attosecond pulse generation from the
interaction of the three-color laser pulses with foils having
different plasma densities. (a)The similarity parameter is S =
3.63 and the duration is 14 as for ne = 200nc, a1 = 22, a2 =
22, and a3 = 21; (b)The similarity parameter is S = 4.08
and the duration is 25 as for ne = 100nc, a1 = 10, a2 = 10,
and a3 = 9; (c)The similarity parameter is S = 4.78 and
the duration is 30 as for ne = 50nc, a1 = 4.4, a2 = 4.4, and
a3 = 3.6.

V. ROBUSTNESS OF THE FORWARD
ATTOSECOND PULSE GENERATION SCHEME

We have discussed the robustness of the forward at-
tosecond pulse generation scheme with different laser
and foil plasma conditions as well as including multi-
dimensional effects. Firstly, we have checked the robust-
ness by varying the density, thickness, and the length of
linear density ramp at the front of the target. We keep
the other parameters the same as in Fig. 1. One see in
Fig. 8(a) that the durations are all below 16 as and the
intensity a2z > 4058 for plasma density of 440nc < ne1 <
456nc. The appropriate foil thickness region can also be
determined by the balance between the laser ponderomo-
tive force and electrostatic force. The durations are all
below 29 as and the intensity a2z > 2898 for the thickness
of target in the range 60 nm < d < 64 nm as shown in
Fig. 8(b). When the thickness of the target increases,
the duration at FWHM of attosecond pulse will increase
from about 10 as to 30 as. When the thickness of the
target is too thin, attosecond pulses are no longer gen-
erated, which is due to that the driven laser pulse can
penetrate the target and the electron nanobunch is no
longer formed. The additional preplasma at the fron-
t of the foil is also considered by varying the length of
linear density ramp as shown in Fig. 8(c), which shows
that the durations are all below 35 as and the intensity
a2z > 3329 for the length L of linear density ramp in the
range 30 nm < L < 100 nm.
We also performed a series of simulations to study the

effects of different laser parameters on our scheme. In

FIG. 8: Durations (as) at FWHM and normalized intensities
a2
z of the attosecond pulses as functions of (a) the plasma den-

sities ne, (b) the thickness d of the foil, (c) the length of the
linear density ramp of the preplasma, (d) the phase of fun-

damental frequency laser pulse, (e) the duration
√

2 ln(2)τ2
of the second harmonic laser pulse, and (f) the duration√

2 ln(2)τ3 of the third harmonic laser pulse. Here for sim-
plicity we take τ2 or τ3 as horizontal ordinate.

Fig. 8(d), the phase ϕ1 of the fundamental frequency
laser pulse varies from ϕ1 = 6.055 rad to ϕ1 = 6.655 rad,
while keeping the other parameters the same as in Fig. 1.
With the change of phase ϕ1, the duration of the at-
tosecond pulse increases from below 10 as to 112 as and
the intensity a2z > 4746. We also consider the effects of

duration
√
2 ln(2)τ2 of the second harmonic laser pulse

and
√
2 ln(2)τ3 of third harmonic frequency laser pulse as

shown in Figs. 8(e) and 8(f), respectively. The durations
of attosecond pulse are all below 13.5 as and the intensi-
ty a2z > 2686 for τ2 in the range 0.4TL < τ2 < 0.7TL as
shown in Fig. 8(e). When τ3 of third harmonics varied
from 0.4TL to 0.7TL as shown in Fig. 8(f), the durations
of attosecond pulse are all below 35 as and the intensity
a2z > 1866.

To consider multi-dimensional effects, we also have
performed a two-dimensional (2D) simulation on the
transmitted attosecond pulse generation, where the plas-
ma foil is the same as in Fig. 1, but is located between
x = 7.0λL and x = 7.075λL and between y = −18λL

and y = 18λL. The simulation box is 8 λL × 36λL con-
taining 40 000× 7 200 cells. The number of particles per
cell is 100 in the foil target plasma. The laser pulses have

transverse Gaussian profile e−y2/w2
0 with w0 = 6.25λL.

The longitudinal profile of the laser pulses are the same
as that in Fig. 1. The dynamics of the electron sheet and
the emission process of the attosecond pulse is almost
identical to one dimensional case, because the interac-

Ultra-high amplitude isolated attosecond pulses generated in transmission from ultrathin foil regime
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tion is too short to cause any multi-dimensional instabil-
ities. The forward attosecond pulse is generated by the
electron sheet that is accelerated in longitudinal direc-
tion and perturbed transversely. The amplitude of the
forward attosecond pulse reaches the maximum at time
t = 8.446TL and the duration is about 8 as, which is il-
lustrated by snapshots at time t = 8.446TL in Fig. 9.
We also show the forward attosecond pulse as insets in
Fig. 9(b) at y = 0 and t = 8.446TL without the extra
filters, which shows that the FWHM of a2z is about 8 as
and the attosecond pulse has a half-cycle profile.

FIG. 9: Two-dimensional(2D) simulation on the transmitted
attosecond pulse generation. (a) gives the density of electron
sheet ne standing for the generation of forward attosecond
pulse. (b) illustrates the generated isolated attosecond pulse
in transmitted direction without the need for extra filters,
where the two insets show that the FWHM of a2

z is about 8 as
and the attosecond pulse has a half-cycle profile.

In the above simulations, the ions are assumed to be
immobile as the duration of the interaction between laser
and target is very short. We have also performed simu-
lation with mobile ions in order to check the rationality
of this assumption, which was illustrated in Fig. 10. The
parameters of the laser pulses and plasma are the same
as that in Fig. 1. As can be seen from Fig. 10, the ions
were only slightly pushed from their equilibrium position
towards the transmitted direction by the ponderomotive
force of the laser pulses, which shows that there is no os-
cillation for ions. From the comparison between Fig. 1(a)
and Fig. 10(a), the spatiotemporal evolution of the elec-
tron number density is almost identical to the case that
the ions are assumed to be immobile. The extremely
dense electron sheet are also produced in the laser-plasma

interaction and responsible for the attosecond pulse in
CSE regime. Accordingly, the forward attosecond pulses
are also generated in the case of mobile ions, which al-
so has a half-cycle profile (shown in Fig. 10(b)) and the
FWHM of a2z is about 13 as (shown in Fig. 10(c)) and is
slightly larger than the case (7 as) in Fig. 1.

FIG. 10: (a) The spatiotemporal evolution of electron number
density ne/nc and ion number density from time t = 7.9TL to
t = 8.5TL. (b) The half-cycle profile of the forward attosec-
ond pulse az. (c) The profile of the intensity of the attosecond
pulse a2

z and an inset with a close-up of the attosecond pulse
having a FWHM of about 13 as.

VI. DISCUSSION AND CONCLUSION

In this paper, a unique ultra-thin foil regime of for-
ward isolated unipolar attosecond pulse emission is pro-
posed by using a three-color laser pulse impinging an
ultra-thin foil, of which the thickness is approximately
equal to maximum depletion length. As a result, the
secondary electron sheet will not be formed. Generally,
the secondary electron sheet contributes to coherent syn-
chrotron radiation besides the primary electron sheet [3].
As the primary and secondary electron sheets will both
contribute to the transmitted radiation, the attosecond
pulses have two distinct subpulses. The distinct subpulse
structure in the forward attosecond pulse will no longer
appear in our ultra-thin foil regime.

The robustness of the attosecond pulse generation
scheme is checked with different laser and foil plasma con-
ditions and the multi-dimensional effects. The density,
thickness, the length of linear density ramp at the front
of the target, the phase ϕ1 of the fundamental frequency
laser pulse, and the durations of the second harmonics
and third harmonics were varied. 2D simulation shows
that the dynamics of the electron sheet and the emission
process of the attosecond pulse is similar to one dimen-
sional case. The robustness of the regime is also verified
with the help of similarity theory, where the isolated u-
nipolar attosecond pulses are emitted with approximate-
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ly equal similarity parameters S ∼ 3.51 for different the
laser amplitude a0 and electron density ne in all cases.
For the case of ne = 800nc, the attosecond pulse has an
intensity of up to I ∼ 8.2 × 1022 W/cm2 and a FWHM
of about 3.5 as.
For reflected radiation in CSE regime, the intensity of

the emitted attosecond pulse can be compare or much
larger than that of incident pulse. While for transmitted
radiation in CSE regime, the intensity of attosecond is
usually smaller than that of incident pulse [3, 21, 22].
In this paper, the intensity of forward attosecond pulse
generated from ultra-thin foil regime is comparable to
that of the incident pulse. Instead of electrons oscillating
only at skin depth in the front side of the plasma, in ultra-
thin foil regime all electrons in the plasma target oscillate
twice under the action of the strongest cycle of three-
color laser pulses. After that, a dense electron sheet with
maximum density > 11000nc is formed and accelerated
to ultra-relativistic velocity, while transversely perturbed
by the weak half-cycle of the laser pulse. As a result, an
isolated unipolar attosecond pulses is emitted. Since the

extremely dense electron sheet mainly comes from the
rear surface of the thin foil, the forward HHG does not
need to penetrate from the front of the target to the rear
side of the target and the spectrum of the forward HHG
has no low-frequency cutoff.
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