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Generation of Gigawatt Circularly Polarized Attosecond-Pulse Pairs
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A novel scheme for generating a pair of gigawatt attosecond pulses by coherent Thomson scattering
from relativistic electron sheets is proposed. With a circularly polarized relativistic laser pulse, the scattered
x-ray signal can have a saddlelike temporal profile, where the lower electromagnetic frequencies are found
mostly in the center region of this saddlelike profile. By filtering out the latter, we can obtain two few-
attosecond pulses separated by a subfemtosecond interval, which is tunable by controlling the energy of the
sheet electrons. Such a pulse pair can be useful for an attosecond pump probe at an unprecedented time
resolution and for ultrafast chiral studies in molecules and materials.
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The advent of attosecond light sources has opened the
new research area of attosecond science [1-6], which
concerns the ultrafast electron dynamics in atoms, mole-
cules, and solids. The attosecond dynamics can be inferred
by streaking the attosecond-pulse-released photoelectrons
in a background laser field [7,8]. A more direct approach is
provided by the use of an attosecond pump probe [9,10].
The pump-probe strategy involves first triggering a system
by a pump pulse and then observing the dynamic evolution
via a time-delayed probe pulse. Measuring photoelectron
spectra as a function of the pulse delay allows one to trace
ultrafast processes in the system. Accordingly, an atto-
second pump probe requires one pair of temporally syn-
chronized attosecond pulses.

Attosecond-pulse pairs (APPs) are usually produced by
high-harmonic generation (HHG) in laser-gas interactions
[11-15]. They are typically in the extreme ultraviolet
wavelength regime and of hundreds-attosecond duration.
They are of nanojoule energy, so that the corresponding
power is limited to the megawatt level. The atomic electron
dynamics is usually characterized by the atomic time unit
f.a = 24 as. A snapshot of the atomic electron motion
would then require a source of tens of attoseconds or even
shorter. Moreover, efficient electron excitation often
requires a sufficiently high power source [16]. Some
applications, such as studies of inner-shell electron tran-
sitions, also demand high photon energies at the 1 keV level
[17,18]. These requirements are critical for exploiting the
full potential of the attosecond pump-probe technique.
However, these requirements are very difficult to achieve
by means of the conventional HHG. Free-electron lasers
can generate two gigawatt x-ray pulses at 300 eV to 10 keV
[19-22], but their duration is on the order of femtoseconds.

Coherent Thomson scattering (CTS) of intense lasers from
relativistic electron sheets [23-25] is a promising method for
producing gigawatt attosecond pulses near 1 keV. The
electron sheets are formed by laser-blown electrons from
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nanofoils [26,27] or laser-driven plasma waves in under-
dense plasmas [28—31]. The sheets are only a few nanometers
thick but of overcritical density. Electrons in the sheets have a
typical energy of tens of MeV with a very narrow (~0.1%)
energy spread. The electron energy can be controlled by
changing the foil spacing in the laser-driven double-foil
scheme [24] or the background plasma density in the laser
wakefield scheme [31], respectively. When laser pulses
collide head on with the electron sheets, backscattered lights
are blueshifted by a Doppler factor of 4y, where 7 is the
relativistic factor of the sheet. Thus, x rays of 1 keV can be
produced with a sheet electron energy of approximately
20 MeV, much lower than that of the electron drivers in free-
electron lasers. By a compression ratio of 1/4y?, the scattered
pulse can easily reach tens of attoseconds. We note that
intense attosecond pulses can also be produced by coherent
scattering from laser-irradiated nanofilms [32] and solid
surfaces [33-35]. Recently, Kiefer et al. [36] performed the
firstexperiments on CTS from electron sheets by laser-driven
nanofoils and have observed coherent XUV signals.

In this Letter, we report that, for circularly polarized lasers,
CTS in a wide nonlinear regime can directly lead to an APP
with a tunable subfemtosecond interval. If the laser intensity is
beyond a certain threshold, the scattered signal has a saddle-
like profile with two peaks in the temporal domain. The peaks
are of a higher frequency than the valley between them. This
feature can be attributed to the laser amplitude dependence of
CTS. Using a proper high-pass filter, we obtain two discrete
few-attosecond x-ray pulses. The generation mechanism and
interval tuning of APPs are theoretically analyzed and are
verified by particle-in-cell (PIC) simulations with the jpIC
code [37]. The APPs retain the laser’s circular polarization
and can be applied to XUV or x-ray magnetic circular
dichroism and photoelectron circular dichroism [38,39].

We now discuss the generation process of the APP using a
circularly polarized laser pulse. The normalized vector
potential of the latter is a(&)=agsin?(z{/T)[Pcos(wo) +
zsin(w{)], where ag=eEy/mcwy, { =t+x/c, T is the pulse
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duration, E| is the maximum electric field, wy, = 27/7,, and
79 = Ao/ c is the light cycle. Here e and m are the charge and
the mass of an electron, respectively, and c is the speed of
light. The electron sheets are assumed to have the density
profile n, = nyexp|—z(x/d,)?], where n, and d, are the
peak density and characteristic thickness, respectively. The
electron sheet in the y, z plane moves along the x axis with

the relativistic factor y, = 1/+/1 — 5, where B, = V,/c.
The nonlinear Doppler factor is given by

475
D) =—10 1
©=1105 (1
so that the CTS signal has the frequency w,({) = D({)w.
The electric-field amplitude (normalized by mcw,/ e) of the
signal is [25]

a(6) rokodo —spiisiaid@r), (o)
1+ a*(¢) ne/ng ’

where k is the wave number and n,. is the critical density.
Equations (1) and (2) are valid for multicycle laser pulses
with slowly evolving envelopes [40]. The nonlinear term
1 +da*(¢) in Egs. (1) and (2) shows that the scattering
process depends on the local laser intensity. That is, the local
frequency and amplitude of the scattering signal are generally
nonuniform for relativistic laser pulses with a, > 1.

The scheme for the generation of APPs is demonstrated in
Fig. 1, which shows plots of Egs. (1) and (2). The parameters
of the laser are ag = 5, T = 107, and 4y = 800 nm, and
those of the electron sheet are y, = 20, ny = 10n,, and
dy = 0.6 nm. We see that the scattering frequency is lowest
wso = 473wo/(1 4 a3) at the laser pulse center, and it
approaches the linear limit 473w, at the laser front and tail.
It is striking that two symmetric peaks appear in the
scattering amplitude (solid curve), where the scattering
efficiency is maximum. This can be attributed to the non-
linear term 1 + a(¢)? in Eq. (2). For laser fields with a > 1,
we have the scattering amplitude a,; « 1/a. These two peaks
occur at the certain laser amplitude a, = a({; ») in the rising
and descending slopes of the laser pulse. It is clear that
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FIG. 1. Scattering amplitude a,(¢) (solid curve) and Doppler
factor D({) (dashed curve) within a laser pulse of T = 10z.

ap > a, is the prerequisite for producing two scattering

peaks. By the use of da,/dal,_, =0, we obtain a), 2.0
for the case in Fig. 1. When aj < a,, only one peak is
produced and the scattered pulse is an isolated attosecond
pulse. Note that Eq. (2) is valid only for circularly polarized
lasers. PIC simulations show that a linearly polarized laser
pulse leads to a train of attosecond pulses due to the 2w,
beating in the term a?(¢).

Along the cruising direction of the sheet, the scattered light
will be compressed in the time domain by the local Doppler
factor D. This will result in a saddle-shaped x-ray signal. By
sending the signal through a high-pass filter, one can block
the middle section (lower frequency and intensity) of the
signal and obtain two attosecond pulses. This APP has the
frequency w; , = 473w,/ (1 + a3). We define the frequency
contrast of the saddle-shaped signal as

w5, 1+a}
W; o 1 + a%} .

(3)

In order to realize two discrete pulses, the ratio # should not
be close to unity. In Fig. 1, we have n = 5.2.

To verify the proposed scheme, we have carried out a 1D
PIC simulation for the same parameters given in Fig. 1. As
displayed in Fig. 2(a), the scattering signal is strongly
chirped with a longer wavelength in the middle compared
to two peaks. After filtering out the low-frequency com-
ponents below 4w, o, we obtain a circularly polarized APP
shown in Fig. 2(b). The pulse pair has a photon energy of
398 eV and a pulse interval of 170 as. Each pulse has an
intensity FWHM of approximately only 4.5 as. The peak
amplitude of the pulse pair from Eq. (2) is 0.31, in
agreement with the PIC result.

The pulse interval can be analyzed as follows. During the
scattering process, the sheet moves with the longitudinal
velocity

Ay —1-a*(C)

S Ry )

4)

while the laser pulse propagates at the speed of light ¢ in
the opposite direction. In the laser pulse, the period for the
sheet to move from {=0 to ¢ is #(¢) = [5dl'/[1+5.(¢)].
Meanwhile, the sheet has actually traveled a distance

x(Q) = ¢ [§dI'B(C)/[1 + B(L)]. Then, the scattering
signal has the propagation coordinate
pu(0) = 1(0) -2
“a e (F)
_<_¢>} 9
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FIG. 2. (a) Electric field a, of the scattering signal by 1D PIC
simulation. (b) APP obtained from (a) after a high-pass filter.
Parameters are the same as in Fig. 1.

Two attosecond peaks appear at a({; ) = a,,, which yields

¢y = (T/x)arcsin(y/a,/ay) and {, = T —{,. Finally, we

can evaluate the pulse interval by

tg = ps(&2) = ps(C1). (6)

We obtain {; = 2.2 and {, = 7.8 for the case in Fig. 1.
Equation (6) gives 7; = 160 as, which agrees with the PIC
result.

Now we discuss the tunability of the pulse interval.
Figure 3(a) displays f3, and p, of the case in Fig. 1. Since
laser intensities are low at the laser front and tail, the factor
ps remains almost unchanged for { <¢; and { > {,.
Accordingly, we can make the approximations p,({;) ~
ps(0) and p,({y) =~ py(T). Equation (6) can then be

simplified to
3a3\ T
tam ([ 1+22 ) —, 7
! < % )47% 7

which suggests that varying the electron energy or laser
duration can efficiently change the pulse interval.
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FIG. 3. (a) Electron velocity f, (solid curve) and signal
propagation coordinate p, (dashed curve) for the case in Fig. 1.
(b) APP interval, (c) amplitude, and (d) duration versus electron
energy y,, where the other parameters are the same as in Fig. 2.

Figure 3(b) shows that the pulse interval ¢, is flexibly
tunable within one femtosecond by adjusting y, for the fixed
laser parameters. The PIC results are well reproduced by
Eq. (7). As displayed in Figs. 3(c) and 3(d), the APP
amplitude and duration also change with the electron energy.
Equation (2) predicts that the amplitude of the two peaks
shall gently increase with the electron energy. Nevertheless,
we note that the first pulse weakens for y, > 15 and the
second pulse is the strongest at y, = 25. As a whole, one can
see that the second pulse is more intense than the first one.
PIC simulations show that the electron sheets get compressed
longitudinally during the CTS, and their increased densities
boost the second pulse. For the case of y, = 25, the sheet
shortens to about a quarter of the original thickness when
producing the second pulse. This drift compression should be
mainly caused by the different electron velocities in the sheet
at the front of the laser pulse given by Eq. (4). Finally, the
pulse duration monotonically decreases with the electron
energy. The APP amplitude and duration are also affected by
the cutoff frequency of the filter.

Two-dimensional PIC simulations have been done to
study multidimensional effects on the APP production.
The simulation box is 144 x 104, in the x, y plane, and the
cell size is (1y/5000) x (4y/128). The laser pulse has a
spot size 6=104;. The sheet electrons are distributed in
2.59 <y <7.54y, uniformly in the y direction with ny=6n,..
The other parameters and interaction geometry are the same
as in the 1D PIC simulation in Fig. 2. Figure 4(a) shows
the s-polarized component a, . (along the z direction)
of the circularly polarized scattering signal. Interestingly,
the signal has a curved-focusing phase front at the
tail, in accordance with the deformed sheet shown in
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FIG. 4.

Fig. 4(b). The longitudinal deformation of the sheet is
Ax~6x 1073),. The sheet is deformed, because the
electron longitudinal velocity g, [Eq. (4)] depends on
the Gaussian laser amplitude with a(y) o exp(—y?/c?),
and electrons on the laser axis have a smaller velocity
than off-axis ones. After filtering out the low-frequency
components below 3w, two pulses of the obtained
APP in Fig. 4(c) have intensities of 9.5 x 10'® and
1.7 x 10'® W/cm? and durations of 5 and 10 as. The
second pulse is weaker because of the reduction of the sheet
density by Coulomb expansion. For the source size of about
540, these two attosecond pulses have 12 and 2 GW in peak
power, respectively.

Two attosecond pulses from the HHG are produced by
impinging a laser pulse on one [14,15] or two successive
[11,13] gas jets. The single laser drive ensures the syn-
chronization and collinearity of the APP. The present
scheme possesses these merits as well. Importantly, since
both attosecond pulses are radiated from the single nano-
sheet, they are also correlated in their absolute phases, as
shown in Figs. 2 and 4. The relativistic Doppler effect
allows the efficient compression of the pulse duration down
to ~5 as, much shorter than the atomic time unit f,,.
Moreover, since it is free from material breakdown as in
HHG, the APPs from coherent laser-electron scattering can
be 3—4 orders of magnitude more powerful than the HHG
sources.

In conclusion, we have presented a robust method for
obtaining a pair of attosecond pulses. The method is based
on the nonlinear interaction between relativistic electron
sheets and femtosecond circularly polarized lasers of
relativistic intensity. The resulting APPs have a duration
of sub-10-as each, and their interval is adjustable within
one femtosecond. This new type of APP can push the
attosecond pump-probe system to an unprecedented time
resolution. It can be utilized to film the electron motion in
atoms, such as the details of tunneling ionization [41,42].
Meanwhile, its circular polarization allows one to diagnose
the chiral and magnetic properties in materials.

(a) Electric field ay , of the scattering signal from the 2D PIC simulation. (b) Electron density n,/n. of the sheet at the same
moment as (a). (c) APP obtained from (a) by a high-pass filter.
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