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Production of 100-TW single attosecond x-ray pulse
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Attosecond light sources have provided insight into the fastest
atomic-scale electronic dynamics. True attosecond-pump-
attosecond-probe experiments require a single attosecond
pulse at high intensity and large photon energy, a challenge
that has yet to be conquered. Here we show 100-TW single
attosecond x-ray pulses with unprecedented intensity of
10?! W/cm? and duration 8.0 as can be produced by intense
laser irradiation of a capacitor-nanofoil target composed of
two separate nanofoils. In the interaction, a strong electro-
static potential develops between the two foils, which drags
electrons out of the second foil and piles them up in vacuum,
forming an ultradense relativistic electron nanobunch. This
nanobunch reaches both high density and high energy in only
half a laser cycle and smears out in others, resulting in coherent
synchrotron emission of a single, intense attosecond pulse.
Such a pulse enables the capture and control of electron motion
at the picometer—attosecond scale.
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Forming attosecond pulses—or pulse trains—requires a broad
spectral bandwidth with a well-defined phase relationship. Such
broad spectra can be generated using the frequency comb formed
with high harmonics induced in nonlinear interactions between
light and matter [1,2]. High-harmonic generation (HHG) can
occur in relativistic plasmas [3-9] with the so-called relativistically
oscillating mirror (ROM) mechanism, which can be understood
as a periodic Doppler upshifted reflection [6,8,10] of the laser
from collective oscillations of the step-like plasma surface. Due to
the ability to effectively reflect intense laser fields into harmonic
radiation, ROM was previously regarded as a promising route to
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obtaining bright attosecond pulses when compared to HHG in
gases [11-13]. However, the ROM harmonic spectrum has a fast
decay scaling of intensity on the harmonic order as /() oc n~5/3,
which determines that the conversion efficiency from the laser to
the attosecond pulse in the large photon energy range is rather low.

Recently, a more efficient radiation mechanism has been identi-
fied in which a dense electron nanobunch with a §-like peak density
distribution and relativistic energy is formed outside the target,
resulting in coherent synchrotron emission (CSE) [14-16] of
XUV/x rays. In CSE, the reflected radiation is proportional to the
time derivative of the transverse current density in the nanobunch,
instead of a simple phase modulation of the incident laser as ROM.
The peak reflected field can exceed that of the incident laser, result-
ing in a substantial increase in both radiation energy and harmonic
orders, where the harmonic spectrum is characterized by a much
slower decay scaling as /() o w43 1o n=0/,

CSE presents a promising route to extending attosecond radi-
ations at useful brightness levels to the x-ray (hw ~ keV) regime.
However, to obtain a bright single attosecond x-ray pulse, there are
still several key obstacles. First, CSE does not occur in every case of
intense laser irradiation on a solid target, since the transition from
ROM to CSE regimes is highly sensitive to changes in the plasma
density profile, laser amplitude, duration, incident angle, and even
the carrier—envelope phase [14,15]. No general description of the
required conditions for CSE occurrence has been formulated, and
it is hard to discriminate the transition from ROM to CSE where
ROM generally dominates. Second, the multi-cycle nature of the
drive laser implies that the attosecond radiations must always have
come in the form of PHz-repetition-rate trains. Though particle-
in-cell (PIC) simulations predict that few-cycle lasers can be used,
such laser systems are still under development, and the highest
power (>100 — TW) lasers currently in operation in laboratories
deliver pulse with a duration of several 10s femtoseconds.

In this paper, to overcome the above challenges and achieve a
bright single attosecond radiation pulse in a more practical and
controlled way, we propose a new robust radiation scheme by using
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Fig. 1.  Schematic for the mechanism of a single attosecond x-ray
pulse generation by an intense laser irradiating a capacitor-nanofoil target
composed of two separate nanofoils. (a) Electrons of the first nanofoil are
blown out at the peak laser cycle, forming a flying relativistic electron mir-
ror, which rapidly impacts the second nanofoil. (b) The second nanofoil
acquires significant negative charges, developing a strong electrostatic
potential (green) between two foils. This potential drags a large number
of electrons out of the second foil and piles them up, forming a dense
relativistic electron nanobunch for enhanced CSE of attosecond x-ray
pulse.

a capacitor-nanofoil target irradiated normally with intense laser
pulses, shown by the schematic in Fig. 1, where two nanofoils
are separated with a distance less than laser wavelength A. The
thickness of the first nanofoil satisfies /; /A < (1/27)(n./n1)aq
[171], so thatall foil electrons are blown out at around the peak laser
cycle. Here ay is the normalized peak laser amplitude. As shown in
Fig. 1(a), the blown-out electrons are rapidly accelerated to rela-
tivistic energy, forming a flying dense electron mirror [17], which
impacts the second foil quickly. Then, the second foil suddenly
acquires significant negative charges, leading to the development
of a strong electrostatic potential between two foils [see the green
line in Fig. 1(b)]. This strong potential drags a large number of
electrons out of the second foil, piling them up in the vacuum
gap and forming an ultradense relativistic electron nanobunch
[Fig. 1(b)]. CSE occurs when the nanobunch has the maximum
compressed electron density 7., meanwhile moving backwards
with the maximum longitudinal velocity v,., which can be repre-
sented by a longitudinal Lorentz factor y, = (1 — v2/¢?)71/2 at
the same laser cycle. The thickness of the second foil is taken to be
less than A, so that for the next laser cycle, the blown-out relativistic
electrons return from the rear of the second foil and fill in the gap
between two foils, smearing out the electrostatic potential and
leading to decompression of the nanobunch. These make CSE
substantially less efficient at later cycles, resulting in the production
ofasingle (or few) bright attosecond pulse.

In this novel scheme, achieving CSE is facilitated by a large
electrostatic potential developed in the capacitor-nanofoil target,
and moreover, the efficient CSE can be restricted to occur only
once at around the cycle of the peak laser intensity. More impor-
tantly, with the additional contribution of the potential, much
denser nanobunches are formed and can be accelerated to much
larger momentum mc, than possible with a single foil target. This
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results in much enhanced CSE in the x-ray range and emission of
an intense single attosecond x-ray pulse.

The proposed scheme is verified using 1D and 2D PIC sim-
ulations with the code “EPOCH” [18]. In 1D simulations, a
p-polarized laser with peak intensity Iy =7.7 x 10*! W/cm?
(ap = 60) and wavelength A =800 nm is used to normally irra-
diate a capacitor-nanofoil target. The laser pulse has a Gaussian
profile in time with FWHM duration 1 =475 (75 =2mc/A).
Both foils of the target are assumed to have a steep density profile of
n1 = ny = 10007, where 7, = meow?/e? is the critical density.
The foil thicknesses are /; = 8 nm and /, = 100 nm, where the first
nanofoil locates at 20.0A and the second one at 20.0854, separated
by a distance 4 = 60 nm. The laser starts to interact with the first
nanofoil at # = 20 7j. The simulation box is 40 A long with a reso-
lution of A/100000. One hundred particles per cell for electrons
are taken, and ions are immobile.

In Fig. 2, we see that the main process can be divided into three
stages. First, at the early stage, the rising edge of the laser pulse
irradiates the first nanofoil, where the intensity is low and the foil
remains opaque. The reflected radiation is dominantly due to
ROM from the oscillating surface of the first foil, leading to weak,
slightly compressed radiation pulse in reflection, as shown with the
orange line from r = 26 t0 27 7; in Fig. 2(a).

Second, when the laser reaches peak intensity (from
t =27 to 287;) on the first nanofoil, its ponderomotive force
exceeds the maximum charge separation field of the foil as
ap 2 21 (ny/n.)(l1/X), and almost all electrons are blown out
towards the second foil. The latter acquires significant negative
charges, leading to the development of a strong electrostatic poten-
tial between two foils [see the blue line in 2(d)]. As expected, when
the laser oscillating ponderomotive force decreases, this strong
potential drags a large number of electrons out of the second foil
and piles them up, forming an ultradense electron nanobunch
with relativistic energy. This can be clearly seen from the elec-
tron density distribution of the second foil 7, by the red line in
Figs. 2(d) and 2(e). At # = 27.57 T, the nanobunch is compressed
to the maximum density 75 may 22 25007, [2(e)] and accelerated
to the maximum Yy max = 20 [2(b)]. Meanwhile, the nanobunch
interacts with the peak laser field [see the green line in Fig. 2(e)]
and reaches its maximum transverse current density gradient. As a
result, the reflected laser field is highly compressed, and a remark-
able radiation pulse with extreme broad spectral bandwidth and
high amplitude is synchronously emitted, seen in the sharp peak of
thered lineatr = 27.57 T in Fig. 2(a).

Finally, the blown-out relativistic electrons return from the
rear of the second nanofoil and fill in the vacuum. Meanwhile, the
electrostatic potential between two nanofoils disappears. Both
these lead to smearing out and decompression of the nanobunch
[Figs. 2(c) and 2(f)] and eventually the break of CSE in later laser
cycles. Figure 2(g) shows that the electrostatic potential devel-
oped in the capacitor-nanofoil target contributes not only to the
formation of dense electron nanobunches but also a significant
enhancement in the acceleration of electrons to a much higher
energy than that in a single foil target case.

Figure 2(h) plots the radiation harmonic spectrum [19]. For
® < 400wy, it shows a power law with the exponent —8/3 (green).
In contrast, for @ > 400wy, it shows a much more slowly decaying
power law with the exponent —4/3 (red), consistent with that
expected from CSE. The harmonics extend up to @ = 20000wy,
i.e., photon energy ~30 keV. Such a broadband spectrum leads to
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Fig.2. 1D PIC simulation. (a) Electron longitudinal energy density distribution map 7, . evolving with time from # = 26 to 29 7;. Square of the cor-
responding reflected radiation field amplitude £ rze ¢ (orange, red, and green lines) is also plotted. (b), (c) Electron y, distributions at # = 27.57 7; around the
peak of the laser and 28.08 7; of the next laser cycle, respectively. (d)—(f) Electron density distributions of the first (purple, 7;) and second (red, 7,) foils,
electrostatic force (blue), and laser ponderomotive force (green) at r = 27.48, 27.57, and 28.08 7. The initial positions of the two foils are marked with
dashed lines. (g) Velocity v, of one representative electron, for the capacitor-nanofoil target (CNT) and the single foil target (SFT) cases. (h) Harmonic
spectrum for radiation in the reflected direction. (i) Obtained radiation pulse amplitude E2,  versus position x by applying a spectral filter to select @ >
100wy. The inset shows the zoomed single pulse with an envelope fitting (red).

the production of an extremely short radiation pulse. Applying
a high-pass spectral filter to select harmonics above 100wy,
an intense single attosecond x-ray pulse with peak intensity
Irid = 9.5 x 10%° W /cm?, duration T,,q = 8 as, and central wave-
length A,y =2.4 nm is obtained, [see Fig. 2(i)]. If assuming its
transverse radiusis 3 pm, its power reaches about 267 TW.

To take into account multi-dimensional effects, 2D PIC sim-
ulations are also carried out, where an intense laser pulse with
temporally Gaussian and spatially superGaussian (eighth-order)
distributions is used and all other parameters are the same as 1D. To
save computational resources, the simulation box is composed of
23X x 10X (1/10000 x A/1000). The results are shown in Fig. 3.
As clearly seen, a dense electron nanobunch with compressed den-
sity 15007, [Fig. 3(a) and its longitudinal profile in Supplement
1, Fig. S1(a)] and relativistic factor y, ~ 6.0 [Figs. 3(b) and
S1(b)] is also formed, which synchronously emits x rays, although
the transversely non-planar intensity distribution and much
coarser simulation resolution may lead to destructive interference.
Figures 3(c) and 3(d) show that a single attosecond x-ray pulse
at /=27 x 10" W/cm?, t =14 as, divergence 2 mrad, and
central photon energy ~keV in the normal reflected direction is
obtained by the same spectral filter for w > 100wy.

The proposed scheme is rather robust, which can be tested
in experiments soon with high-power lasers, such as petawatt—
femtosecond lasers. In experiments, the laser with a high contrast
above 101 at picosecond pedestal duration can be achieved by
using the plasma mirror [20] or parametric amplification [21]
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Fig. 3. 2D PIC results. (a), (b) Normalized electron density (7, /7,)
and longitudinal momentum (y,) maps, respectively, at ¢t =27.571;
around the peak laser intensity. (c) By selecting harmonics above 100wy, a
single attosecond x-ray pulse is produced with 7,4 = 2.7 x 10" W/cm?
(E2, =12.6) and 7,4 = 14 as (see the inset for its longitudinal profile).

atto

techniques, which can prevent preplasma formation until picosec-
onds before the main pulse. In order to further prove this, the 1D
PIC simulation result with a preplasma scale length of L = 0.1 is
shown in Supplement 1, Fig. S2, which clearly implies that a single
13-as pulse is generated successfully. Besides this, the capacitor-
nanofoil target, which requires to mount two nanofoils with a
distance less than A /4 (200 nm), is also makeable with the most
advanced target fabrication technologies [22]. Even if the two foils
are not parallelly placed, the proposed scheme still works, and a
single 30-as pulse with relativistic intensity of 10*! W/cm? is pro-
duced, as shown in Supplement 1, Fig. S3. With the rapid progress
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Fig. 4. Demonstrative experimental design for the proposed scheme
by using petawatt—femtosecond lasers. (a) Experimental setup. (b), (c) 1D
PIC simulation result: (b) compressed ultradense relativistic electron
nanobunch of density 25007, (red line for the electron density of the
second foil) is formed, where the blue line is that of the first foil; (c) single
attosecond x-ray pulse with intensity 7 =7.3 x 10" W/cm? and dura-
tion T = 24 as is obtained with the same filter, where the inset shows the
zoomed attosecond pulse with an envelope fitting (red).

of laser and target fabrication technologies, we believe our scheme
will be verified very soon.

Here we propose a possible experimental design, shown in
Fig. 4(a), in which the attosecond pulse is filtered with a 2.6-pm-
thick aluminum foil to reject the laser pulse and 95% x-ray energies
below 0.6 keV. The attosecond x-ray pulse can be characterized
by measuring its energy spectrum and electric field amplitude.
The energy spectrum in the range of 0.6-10 keV usually can be
characterized with the x-ray spectrometers, and that of higher
9-50 keV can be measured through the Ross filters. The —4/3
power law of the CSE spectrum may be examined by comparing
the relative intensities in different energy ranges. Further, the
electric field amplitude of the attosecond pulse can be indirectly
obtained through applying the pulse for field ionization of hydro-
gen clusters, where a calculation [23,24] for decoupling of the
measured energy spectrum of the Coulomb-exploded protons
is required. Detailed consideration of the experimental design
is discussed in Supplement 1. To be closer to the current laser
conditions, we choose a Gaussian laser with FWHM duration
7 =25 fs, containing 40 laser cycles, where it is generally thought
no CSE occurs and no single attosecond pulse can be obtained. The
laser intensity is chosen as 7.7 x 10*! W/cm? with wavelength
of 800 nm. The target parameters are the same as the above 1D
simulations. However, the simulation results show that by using
the capacitor-nanofoil target, an intense single attosecond x-ray
pulse with 7,4 =7 x 10" W/cm? and 7 = 24 as [Figs. 4(b) and
4(c)] can be produced in our scheme.

In summary, we have proposed a novel, robust scheme to get
intense single attosecond pulse in the x-ray regime via the efficient
CSE mechanism, which can be achievable by high-power petawatt

Vol. 7, No. 4 / April 2020 / Optica 358

lasers. By using the capacitor-nanofoil target irradiated with an
intense laser, 100-TW single attosecond x-ray pulse with high
intensity 10*! W/cm? and short duration 8.0 can be obtained in
the reflected direction. This pulse with many orders of magnitude
more powerful than previously reported will permit attosecond
probing of processes with much smaller cross-section and pump—
probe spectroscopies of a wide range of bound electron exception
and relaxation dynamics, which are inaccessible today.
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