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Abstract

A scheme of generating ultra-intense attosecond pulses in ultra-relativistic laser interaction with under-dense plasmas is
proposed. The attosecond pulse emission is caused by an oscillating transverse current sheet formed by an electron density
spike composed of trapped electrons in the laser wakefield and the residual transverse momentum of electrons left behind
the laser pulse when its front is strongly modulated. As soon as the attosecond pulse emerges, it tends to feed back to further
enhance the transverse electron momentum and the transverse current. Consequently, the attosecond pulse is enhanced and
developed into a few cycles later until the density spike is depleted out due to the pump laser depletion. To control the
formation of the transverse current sheet, a non-uniform plasma slab with an up-ramp density profile in front of a uniform
region is adopted, which enables one to obtain attosecond pulses with higher amplitudes than that in a uniform plasma slab.
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1. INTRODUCTION

The generation of attosecond pulses (APs) opens the possi-
bility to probe and even manipulate ultra-fast electron dy-
namics occurring in atomic structures (Von der Linde
et al., 2001; Corkum & Krausz, 2007; Mourou et al.,
2007; Midorikawa, 2011). Currently, the well-known
schemes to produce APs include high harmonics generation
(HHG) from laser-atom interaction at moderate laser inten-
sity (Salieres et al., 1995; Hergott et al., 2002; Takahashi
et al., 2004; Nabekawa et al., 2009) or HHG from laser-solid
interaction at relativistic laser intensity (Naumova et al.,
2004; Quere et al., 2006; Tsakiris et al., 2006; Zheng
et al., 2006; Baeva et al., 2007; Dromey et al., 2009).
Other schemes include the Thomson scattering from current
sheets (Meyer-ter-Vehn & Wu, 2009; Wu et al., 2010) and
flying mirrors (Roso et al., 2000; Bulanov et al., 2003;
Kando et al., 2007), which are produced in the relativistic
laser interaction with thin-solid targets and from laser wake-
fields driven in under-dense plasma, respectively.
Recently, we proposed that APs may be produced directly

from such laser wakefields (Liu et al., 2012). The generation

process of APs can be described as follows. When an ultra-
relativistic laser pulse propagates through a uniform plasma
slab, a sharp electron density spike in the wakefields is gen-
erated behind the driving laser pulse. In homogeneous
plasma, the relationship between electron density and the
phase velocity of a wake can be described by n= n0/(1− β/
βph, where n0 is the initial electron density, β and βph are the
electron fluid velocity and the phase velocity of the wakefield
normalized by the vacuum speed of light c, respectively.
From such a relation, a density spike with the maximum
density nmax will be found near the maximum electron fluid
velocity βm (normalized by c), and its width is given by d=
(2(βph− βm)

2/[βm (1− βm
2 )3/2])1/2 in the cold plasma limit

(Bulanov et al., 1998). Next, as the intense laser pulse con-
tinues to propagate in plasmas, its front becomes steepened
gradually due to the relativistic self-modulation and due to
the plasma density modulation at the front caused by the longi-
tudinal ponderomotive force of the laser pulse (Decker et al.,
1996). As a result, the carrier phase of the laser pulse evolves
with time in such a way that the transverse momentum of elec-
trons located behind the laser pulse is nonzero, i.e., pz (x0 , t)=
a(x0, t)=−∫−∞

t cEz(x0, t′)dt′, where a(x0, t) is the vector poten-
tial at a given position x0 and Ez(x0, t) is the transverse electric
field at x0 along the z-direction, which is the laser polarization
direction. This evolving transverse momentum left behind the
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laser pulse is called the residual transverse momentum since it
only develops quickly after the laser has propagated over a cer-
tain distance. Finally, the density peak trapped in the laser wa-
kefield and the transverse momentum of electrons behind the
laser pulse form a net transverse current sheet envz, which co-
moves with the laser pulse and radiates an electromagnetic
pulse at the frequency characterized by the c/d with d being
the thickness of the density spike mentioned above. Our pre-
vious studies (Liu et al., 2012) suggest that the emitted pulse
is typically in the extreme ultraviolet range with the pulse dur-
ation in a few hundred attoseconds in one-dimensional simu-
lations and few femtoseconds in multi-dimensional
simulations. In the latter case, the emitted pulse energy can
be as large as a few mJ with the pump laser around 20 J.
In the present work, we show that the AP emission pro-

duced in this way can be further intensified when an
up-ramp density profile is used in front of a uniform
plasma slab. This is associated with the controlled formation
of the oscillating current sheet in the laser wakefield driven
behind the laser pulse, which enables the current sheet pro-
duced with a higher peak value and narrower width. The
paper is arranged as follows. In Section 2, the mechanism
of the AP emission is clarified and the effects of up-ramp
density profile as well as the laser polarization are discussed.
In Section 3, two-dimensional effects are introduced. The
paper concludes a summary in Section 4.

2. GENERATION OF ATTOSECOND PULSES IN
NONUNIFORM PLASMAS

To simplify the problem, we consider the laser pulse propa-
gation and laser wakefield excitation in a non-uniform
plasma slab with mobile ions as shown in Figure 1. The
plasma density first increases linearly from zero to n0/nc=
0.04 in a length of 70μm and then keeps constant for 100
μm, where nc=meωL

2/4πe2 is the critical density for a
driver pulse with frequency ωL. Such a density profile can
be produced with a gas nozzle. A laser pulse is incident
from the left boundary of the simulation box and propagates
along the x-direction. It is linearly-polarized with the peak in-
tensity of 1.37 × 1020 W/cm2 (corresponding to the normal-
ized vector potential a0= 10 at the wavelength λL= 1 μm),
the full laser period is τ= 10TL for a sine square pulse
with TL the oscillating period. Numerical simulations are
conducted with the code KLAPS-1D (Sheng et al., 2000;
Chen et al., 2008; Wang et al., 2010). We use a simulation
cell size of λL/200 to ensure enough resolutions both in
time and space.
Figure 2a shows the snapshot of the spatial distributions of

the electron density and the electric fields at t= 150TL. Be-
sides a density peak located in the front part of the laser
pulse, a high density spike is found at the end of the first
wake bucket. At this second density peak, an ultra-short
pulse shows up. The inset displays the zoomed-in plot of
this short pulse, which has a full width about 270as. The
second electron density spike in Figure 2a behind the laser

pulse is due to wave breaking and electron trapping when
the laser pulse propagates across the density transition
point at time t= 110TL. This kind of electron trapping rea-
lizes the synchronized injection of electrons in the first
wave when the wake phase velocity suddenly drops from
superluminality to well below c after the long-term process

Fig. 1. (Color online) Longitudinal line-out of the initial plasma electron
density profile. The laser pulse propagates from left to right.

Fig. 2. (Color online) (a) Laser field (normalized by mωLc/e, red dashed
line) and the electron density (normalized by nc, black solid lines) are plotted
at the time t= 100TL. It shows an AP with a full duration 270as (red solid
line in the inset) is produced near the electron density spike behind the
laser pulse. (b) Longitudinal distributions of the longitudinal (red dotted
line) and transverse (blue dotted line) momenta of electrons.
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of wake-breaking suppression (Li et al., 2012). Figure 2b
plots the longitudinal distributions of the electron momenta.
It shows that the AP emission locates at almost the same pos-
ition as the density spike, where the transverse residual mo-
menta of the electrons are nonzero.
Figure 3 displays the temporal evolution of the density peak

value, the transverse electron momentum and the transverse
current density along the laser polarization direction. In the
simulation, we find the maximum density of the second density
peak is about 7.5nc near t= 100TL. At this time, the transverse
momentum keeps oscillating with small amplitude. However,
the transverse current density begins to oscillate violently
after that. The AP is produced according to the wave equation
(∂2/∂x2− c−2∂2/∂t2)Ez= (4π/c2)∂jz,spike/∂t, the emitted pulse

is given by Ez = 4πγ2g
v2g
c2

∫
τ
−∞ jz,spike(τ

′)dτ′, where jz,spike(τ)

with τ= t−v/g is the transverse electron current near the den-
sity peak, γg= (1− vg

2/c2)−1/2 with vg the group velocity of
the laser radiation in the ambient plasma. Once the AP appears,
the residual transverse momentum is further enhanced locally at
the AP position with pz (x0, t)=−∫t−∞ cEz (x0 , t′)dt′ and then
the transverse current density becomes enhanced further sub-
sequently in view of the violent evolution of pz, which is
shown to oscillate with time in a period about 25TL. Then it
feeds back to the formation of the AP and the first positive
loop is complete. Figure 3 shows that the transverse current
density starts to develop dramatically at t= 110TL and the
transverse residual momentum begins to oscillate vigorously
at t= 130TL due to the emission of APs. One notes that the
normalized maximum field approaches 5 at t= 130TL,

corresponding to the intensity of 3.4 × 1019 W/cm2. After
t= 130TL, the peak density starts to decrease. This happens
when the electrons forming the ultra-short density spike slip
out of the accelerating phase of thewakefield.When the density
peak is reduced remarkably, the transverse electron momentum
and current density decrease correspondingly until the density
spike disappears completely. Eventually, the density spike dis-
appears after t= 190TL when the laser pulse propagates out of
the plasma and the AP evolution comes to the end and propa-
gates out of the plasma with three cycles as shown in Figure 4.
This is consistent with the oscillation cycles of the transverse
electron momentum undergoes during the period between t=
130TL and t= 190TL. The pulse shape and spectrum of the
AP in vacuum after passing through the plasma region are
shown in Figure 4. We can see that the ultra-short pulse
covers a broad spectrum range with the maximum frequency
extending to 100ωL.

To show the effects of using an up-ramp density profile,
Figure 5 plots the AP amplitude and duration produced
with different laser strengths or variable initial maximum
electron density for the cases of uniform plasma and non-
uniform plasma with an up-ramp density profile. These simu-
lations reveal that the peak amplitude of the produced APs
in plasma with an up-ramp is 5–10 times of that in uniform
plasma, while the AP period is only a half of that in uniform
plasma. This shows obviously the advantage of using an
up-ramp density profile. Figures 5a and 5c indicate that the
peak amplitude of the APs generally increases with the
laser intensity or the maximum plasma density regardless
of the density profiles. On the other hand, Figures 5b and

Fig. 3. (Color online) (a) Evolution of the maximum electron density in the
density spike behind the laser pulse. (b) Temporal evolution of the residual
transverse momentum of electrons near the density spike at 20 μm away from
the front of the laser pulse. (c) Evolution of the maximum transverse current
density in the current sheet.

Fig. 4. Electric field of the emitted AP at the right side of the plasma slab in
vacuum (a) and the corresponding frequency spectrum (b).
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5d display that the period of APs does not change signifi-
cantly with the laser and plasma parameters. In the case
with the up-ramp non-uniform plasma, the AP period
always keeps as short as 100as, suggesting that the period
of the APs is not very sensitive to the laser intensity and
the maximum plasma density. In non-uniform plasmas, the
laser pulse evolves for much longer time before the density
spike shows up and electron trapping occurs. This means
the initial transverse electron momentum is larger than that
for the case of uniform plasma. Therefore, combined with
the large electron injection at the density transition point,
the AP produced has higher amplitude and a shorter period
when an up-ramp density profile is used. We also have
checked the effect on the length in the up-ramp region. Gen-
erally the attosecond pulse duration and amplitude are not
very sensitive to this length as long as it is larger than a
few plasma wavelengths, though there are some small fluctu-
ations in the AP amplitudes with different lengths in the
up-ramp region.
Previous simulation has taken linearly-polarized laser

pulses and the produced APs have the same polarization of
the driving lasers. We have checked the effect with a circu-
larly polarized (CP) laser pulse. In the simulation, we take
the same conditions as before for Figure 4 except the laser

pulse is circularly polarized with the reduced peak amplitude
aL= 10/√2 (note that the corresponding laser intensity is
the same as before). In this case, large residual transverse mo-
mentum is found in both transverse directions. Subsequently,
the produced AP is almost circularly polarized. Figure 6a pre-
sents the two electric field components, which have a π/2
phase difference and their spectra are quite similar.

3. TWO-DIMENSIONAL EFFECTS

As shown above, the AP generation in the laser wakefield
is basically a one-dimensional effect. In a real situation, the
laser pulses always have a finite transverse spot size. To
check the effects of the finite laser spot size, we have per-
formed two-dimensional PIC simulations with the code
OSIRIS 2.0 (Fonseca et al., 2002), where similar laser and
plasma conditions as one-dimensional simulation have been
used and a transverse Gaussian envelope with a waist size
wr= 20λ is used. Usually a large laser spot size is preferred
for AP generation (Liu et al., 2012). In the simulation, a
moving window is taken with the size of 50 × 100 λL

2 and
approximately 109 particles are chosen. High spatial resolution
of 0.005λL is taken as similar to the one-dimensional case.

Fig. 5. (Color online) Comparison of AP generation in uniform plasma and in nonuniform plasma with an up-ramp density profile. Plots
(a) and (b) show the normalized peak amplitude and duration of the AP versus the driving laser amplitude, respectively, for a fixed maxi-
mum density n0/nc= 0.04. Plots (c) and (d) show the normalized peak amplitude and duration of the AP versus the maximum plasma
density, respectively, for a fixed driving laser amplitude a0= 10.
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With a uniform plasma slab, it has been found before that
the produced ultra-short pulse is usually as short as a few
femtoseconds in two-dimensional simulation instead of a
few hundred attoseconds found in one-dimensional simu-
lation (Liu et al., 2012). In the meanwhile, the frequency
spectrum width is also reduced from the one-dimensional
result. In the case with a non-uniform plasma slab, though
generally the emitted ultra-short XUV pulse found in two-
dimensional simulation is also longer, it is still within 1 fs.
Figure 7 shows comparison of the APs produced in the

uniform and non-uniform plasma. In non-uniform plasma,
the AP has a full duration about 900as, which is still shorter
than that found in uniform plasma. Besides, its peak ampli-
tude reaches about 10, corresponding to the intensity of
1.7 × 1020 W/cm2, which is three times larger than that
found in one-dimensional simulation. The transverse effects
of a finite spot size are associated with the wakefield structure
in the two-dimensional geometry, which is similar to that
found previously (Liu et al., 2012). When a high-intensity
laser pulse enters the plasma from the vacuum, it pushes
the local electrons out of their paths both longitudinally
and transversely, producing an open cavity bounded by an
electron-rich sheath. For such an ultra-intense laser presented
here with a large spot size, the resulting electron density
structure resembles a bow cavity in the first wake rather
than a spherical shape behind the laser pulse. As the laser
pulse passes through the up-ramp and enters the uniform

density region, a thin electron sheet emerges at the rear of
the cavity, which is trapped and longitudinally compressed.
Meanwhile, a strong transverse radial electric field is pro-
duced inside the cavity, which tends to focus the trapped
electron sheet transversely. In the present simulation, the
electron sheet finally focused to a transverse size around
4 μm near the laser axis, resulting in a much higher electron
peak density than the one-dimensional case. As a result,
the produced current density is higher and its width is
larger than that in the one-dimensional case. This explains
why the AP has a higher amplitude and a longer duration
in the two-dimensional simulation.

4. SUMMARY

We have proposed a scheme to generate ultra-intense APs
from laser wakefield excitation in non-uniform under-dense
plasma. A high electron density spike generated in the laser
wakefield and the residual transverse electron momentum
left behind the laser pulse can lead to the formation of a trans-
verse current sheet, which emits APs. It is found that there is a
positive feedback process in the AP formation. As soon as the
density spike and the small residual transverse electron mo-
mentum at the density spike appear, a small amplitude AP
emerges. Then the newly produced AP field immediately

Fig. 6. (Color online) Two components of the electric fields of the emitted
APs produced by a CP pulse (a) and the corresponding frequency spectra (b). Fig. 7. (Color online) APs from two-dimesnional PIC simulations for the

same laser and plasma (uniform or non-uniform) parameters as in Figure 2.
(a) Snapshot of the electric field in the laser polarization direction. (b) Spec-
trum of the APs.
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feeds back in a way to enhance the transverse electron momen-
tum and the transverse current. Consequently, the APs are
further enhanced. This positive loop continues until the inter-
action process terminates when the density spike behind the
laser pulse disappears due to the pump laser depletion.
It is shown that an up-ramp density profile in front of a uni-

form plasma slab can be used to generate APs with much
higher peak intensity and shorter pulse duration. If the driv-
ing laser is circularly polarized, the produced AP is also
circularly-polarized. Simulation reveals that such AP emis-
sion can be observed in a wide laser and plasma parameter
regime. Our scheme may pave the way towards giant single
attosecond pulse with both simplicity and robustness.
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