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Generation of attosecond gigawatt soft x-ray pulses through coherent Thomson backscattering
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Collision between relativistic electron sheets and counterpropagating laser pulses is recognized as a promising
way to produce intense attosecond x rays through coherent Thomson backscattering (TBS). In a double-layer
scheme, the electrons in an ultrathin solid foil are first pushed out by an intense laser driver and then interact with
the laser reflected off a second foil to form a high-density relativistic electron sheet with vanishing transverse
momentum. However, the repulsion between these concentrated electrons can increase the thickness of the
layer, reducing both its density and subsequently the coherent TBS. Here, we present a systematic study on
the evolution of the flying electron layer and find that its resulting thickness is determined by the interplay
between the intrinsic space-charge expansion and the velocity compression induced by the drive laser. How
the laser driver, the target areal density, the reflector, and the collision laser intensity affect the properties of the
produced x rays is explored. Multidimensional particle-in-cell simulations indicate that employing this scheme in
the nonlinear regime has the potential to stably produce soft x rays with several gigawatt peak power in hundreds
of terawatt ultrafast laser facilities. The pulse duration can be tuned to tens of attoseconds. This compact and

intense attosecond x-ray source may have broad applications in attosecond science.

DOI: 10.1103/PhysRevE.109.065205

I. INTRODUCTION

As one of the most useful tools for exploring and control-
ling processes with atomic timescale resolution, attosecond
radiation sources have broad applications in ultrafast chem-
istry and physics [1-4]. The extension of attosecond pulses
to the soft x-ray regime permits tracking atomic-scale elec-
tron motion such as the Auger-Meitner process [5] and
enables the study of attosecond transient absorption spec-
troscopy [6,7]. As the major attosecond sources [8], high
harmonic generation (HHG) based on laser-gas interaction
[9] or laser-plasma interaction [10] can deliver attosecond
pulses in the extreme ultraviolet regime with peak power
of ~10GW [11,12]. However, the conversion efficiency of
HHG sources is very low at the soft x-ray wavelength (~nm),
typically less than 107 [13,14]. Relativistic transition radia-
tion from intense beam-plasma interaction has been proposed
to produce terawatt attosecond vacuum ultraviolet radiation
[15]. Free-electron lasers (FELs) provide an alternative way
for generating intense attosecond x-ray pulses [16—19]. Re-
cently, kilometer-long x-ray FELs have produced soft x-ray
attosecond pulses with peak power exceeding 100 GW [20].
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However, the number of and access to these large-scale facili-
ties are rather limited.

When relativistic electrons collide with a counterpropagat-
ing laser pulse, they oscillate under the laser field and emit
radiation with a Doppler upshifted frequency, an effect known
as Thomson backscattering (TBS). The relativistic Doppler
upshifted factor is D = % ~ 4)/)(2 [21], where B, = "C—* is
the speed of the electrons in the direction of collision (%) and

_ l . .
Ve = N For example, collision between 5 MeV electrons

and an 800 nm wavelength laser pulse can produce soft x rays
with wavelength A, = 2.1 nm. If the length of the electrons is
much shorter than the radiation wavelength 1., then the radia-
tion emitted from different electrons superimposes coherently,
which leads to a dramatic increase of the intensity and narrow-
ing of the spectrum. Such a thin relativistic electron sheet is
also referred to as a relativistic electron mirror (REM) [22,23].
The duration of the pulse reflected off the REM is compressed
by a factor of D due to the invariance of the oscillation cycles,
and thus can easily access the attosecond regime. Coherent
TBS is a promising and compact way to produce intense
attosecond x-ray pulses.

Several schemes have been proposed to generate the
needed REMs, such as utilizing the high-density sheath of
nonlinear laser wakefield accelerators [24—-26] and the elec-
tron sheet produced by laser-foil interaction. In the latter,
which has been studied experimentally [27], an ultrashort

©2024 American Physical Society
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FIG. 1. Schematic of the double-layer scheme for producing a
coherent x-ray attosecond pulse. (a) The drive laser irradiates the
target and pushes out the electrons to form a relativistic electron
mirror (REM). (b) The drive laser is reflected by the reflector, but the
REM passes through almost unaffected to reach the colliding pulse
and produce an x-ray attosecond pulse.

and ultraintense laser pulse driver is incident normally on
a nanofoil. If ap > «, then the laser driver pushes out the

plasma electrons as a whole [22,28], where ag = mef)f’c is the

peak normalized vector potential of the laser, @ = 7 7¢ ;12 e
and m, are the electron charge and mass, c is the speed of
light in vacuum, Ej and wy = cky = 2{ < are the electric field

and frequency of the laser pulse, ng and dy are the density and

the thickness of the nanofoil, and n, = meO3e0 i< the critical

density for the laser pulse. Besides the momentum along
the laser propagation direction, however, the electrons also
obtain large oscillating transverse momentum, which reduces
the longitudinal energy y,m.c? and brings about a broadband
spectrum of the produced radiation [29]. An additional reflec-
tor has been proposed to be placed behind the nanofoil as
shown in Fig. 1 to reflect the drive laser, which then interacts
with the electrons to cancel their transverse momentum [23].
In this double-layer scheme, a thin and solid-density REM
with approximately uniform y, & j; can be formed after the
reflector, where y; is the relativistic factor of the electrons.
Another counterpropagating laser pulse (the colliding pulse)

then collides with the REM to produce an isolated coherent
attosecond x-ray pulse as shown in Fig. 1(b). Some varia-
tions of this double-layer scheme have been developed, such
as the generation of giant half-cycle attosecond pulses [30]
and bright subcycle extreme ultraviolet bursts in an oblique
double-foil scheme [31].

If d < A, then coherent TBS occurs and the intensity of
the reflected pulse is proportional to (nd)?, where d and n
are the thickness and density of the REM when oscillating
in the colliding pulse [32]. On the other hand, the strong
space-charge force between these highly concentrated elec-
trons leads to a fast expansion of the REM. If d > A;, then
the TBS process is incoherent and the radiation intensity is
proportional to nd. Thus, correctly choosing the thickness
and density of the nanofoil and understanding its evolution
are critical to the generation of an intense attosecond x-ray
pulse. Previous works have studied the electron dynamics in
the laser field analytically [33] and found that the REM can
be compressed by ultraintense laser drivers with a sharp rising
edge [34]. A circularly polarized or chirped drive laser [35,36]
and a few-cycle colliding pulse [37] have been proposed to
suppress the expansion of the REM and enhance the coherent
TBS efficiency.

In this paper, we present a systematic study on the dy-
namic evolution of the REM in a double-foil scheme and
find that the competition between velocity compression and
space-charge expansion results in a complicated behavior of
the REM. The velocity compression results from a negative
velocity chirp imparted by the temporally shaped laser driver,
which manifests itself differently (1) during ponderomotive
acceleration before the reflector and (2) after the transverse
momentum cancellation at the reflector. After understanding
the roles of the drive laser, the nanofoil and the colliding
laser, we propose to accelerate the REM to a higher energy
to suppress its expansion, then employ a relativistic colliding
laser to produce high-power attosecond soft x rays through
nonlinear coherent TBS. In Sec. II, the evolution of the REM
for different choices of the drive laser and the nanofoil is
studied theoretically and with one-dimensional (1D) particle-
in-cell (PIC) simulations. In Sec. III, we study the produced
x-ray properties by increasing the REM energy and colliding
it with a relativistic colliding laser. The effect of the large
energy spread of the REM on the x rays is presented along
with two-dimensional (2D) PIC simulations. A discussion and
summary of our findings is given in Sec. I'V.

II. THE EVOLUTION OF THE REM

For convenience, we use normalized units, i.e., time and
space coordinates are normalized according to t' = wyt and
x/ = “2x, velocity v' = 7, momentum P = ;2 density n' =

, and fields E' = me_w()c’ B = ean . In the following, these
normahzed quantities are used without the prime; all physical
quantities in this paper are in normalized units unless other-
wise specified.

First, we review the dependence of the reflected pulse
intensity on the REM and TBS in 1D geometry. When the
REM collides with a counterpropagating laser pulse, part of
the laser pulse is reflected with a frequency upshifted factor

D. The intensity of the reflected pulse is mainly determined
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by the total electron number N contained in the REM and its
bunching factor b(k;) [38],
I(ks) o< [INb(k)P, (D

N .
where b(k,) = IZ/:,?M and k;, = 2/\—” is the wave number
of the reflected pulse. If we assume that the REM has a Gaus-

2

sian density distribution of n(x) = %efﬁtﬁ, then I(k;) o
N2eK® = 22, d?e™ " where nyey is the peak density
of the REM. When the width of the REM increases beyond
d > k', the emitted radiation intensity decreases as d2e ™"
When the REM density increases, the radiation intensity in-
creases as ngeak. These relations indicate a high-density and
thin REM at the collision point is favorable for intense ra-
diation generation. We will present a systematic analysis on
the evolution of the REM and clarify how the laser and the
nanofoil parameters affect the REM at the collision position.

In a double-foil scheme, the evolution of the REM can
be divided into two stages: before and after the reflector. In
the first stage, all plasma electrons are pushed out to form
the REM and accelerated continuously by the ponderomotive
force of the drive laser pulse [see Fig. 1(a)]. After passing
the reflector, the REM drifts in free space with negligible
transverse momentum until interacting with the colliding laser
pulse, which is referred to as the second stage [see Fig. 1(b)].
In the first stage, the single-particle argument based on the
canonical momentum conservation gives p, (t) = a(r) and
p(t)=y(E)—1= M, where p, and p, are the trans-
verse and longitudinal momentum of the electron, a(t) >
1 is the normalized vector potential of the drive laser and
7 =t —x is the longitudinal coordinate in a frame which
propagates with velocity c. If a linearly polarized (LP) drive
laser is used, then y of the electron oscillates between 1 and
its local maximum in one laser cycle. As a contrast, y fol-
lows the laser’s envelope in a circularly polarized (CP) laser.
Since a large y can suppress the REM expansion through the
relativistic effect, a CP laser driver is used in this work [35].

When considering a nanofoil containing abundant elec-
trons, the space-charge interaction between the electrons must
be included when describing their dynamics. In the first stage
(before the reflector), the longitudinal velocity of electrons
due to the laser pulse driver and the space-charge interaction
is (see details in Appendix B)

_ 1+d () — (1 + Ect.)?
1+ a() + (1 + ET,)?’

where 7, = 0 refers to the moment when the REM leaves
the nanofoil. Eq. (2) shows that particles may have different
longitudinal velocities if (1) they are in different positions (7)
inside the laser pulse and (2) they experience a different space-
charge field E,. Since we are interested in a thin electron layer,
its thickness (<10nm) is much less than the rising edge of
the laser pulse (~um). The first effect can therefore always
be treated as a small perturbation. However, the second effect
may be not a perturbation if the charge areal density of the
nanofoil (nydp) is large or the interaction time is long. For
example, the action done by the space-charge force on the tail
particle of the REM after propagating a distance of AL = 20
can reach |Aysc| = | [ Evdx| = nodg AL =~ 5 when ny = 30

2)

X

and dy = 1 nm, which is on the same order of the pondero-
motive energy gain from the laser driver. To get a simple
analytical expression for these two effects, we limit ourselves
to the weak space-charge regime, i.e., |Aysc| < Ay,. Thus,
we can expand Eq. (2) and only keep the first-order terms to
get the velocity difference between two particles as

v, da " oV,
Uy A —
Y da dt 9(E,T,)

We now consider the head and tail particles of the REM.
Their longitudinal velocities due to the ponderomotive force
differ as (see details in Appendix B)

4a da
—— — Ax.
2+ d?)? ot

We can see that a given particle is slower than all particles
behind it along the rising edge of the drive laser. This negative
velocity chirp, i.e., the head of the REM has a smaller forward
velocity than the rear, results in a compression of the REM,
and a drive laser with a steep rising edge can enhance this
velocity compression [34].

On the other hand, the space-charge interaction can induce
additional velocity difference between particles. After an elec-
tron leaves the immobile plasma ions, the 1D sheet model [39]
gives the longitudinal space-charge field it experiences at x as
E.(x) = L % dx'n(x’). If there is no sheet crossing during the
REM evolution, then E, for an electron stays as a constant
whose value is only determined by its initial position inside
the foil. The space-charge field experienced by the REM head
and tail particles is Ey = 0 and E, = nydy, respectively. Thus,
assuming the space-charge interaction to be weak, nodyt, K
1, the accumulated velocity difference in the first stage due to
the space-charge interaction is (see details in Appendix B)

A(EcTe). 3)

4)

Av,p, &

~ —Znodo‘fe. 5)
24

In the second stage, the transverse momentum of the elec-

trons is caznceled by the reflected drive laser and y, jumps

2+ag,
2/ 1+,
potential experienced by the REM at the left boundary of the
reflector. During the subsequent drift in vacuum, the velocity
difference between the REM head and tail electrons is (see
details in Appendix B)

from

2
tol+ a% [23], where ay, is the laser’s vector

Avse ~ 1) (©)
Yo

where y; is the relativistic factor of the REM immediately
after the reflector, ¢, is the time when the transverse momen-
tum of the REM is canceled, and yp > 1 and E,(t — t,) < Yo
are assumed. The space-charge force introduces a positive
velocity chirp along the REM in both stages, which leads to
an expansion. Note that here we take the space-charge force
as a small perturbation to the electron’s motion, which is valid
when the total charge of the nanofoil is low. However, for
the parameters we are interested in, the space-charge force
may lead to a significant change of the particle’s motion.
In the following, we will rely on PIC simulations to further
understand the dynamics of the REM.
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FIG. 2. (a) Evolution of the rms width d,,s; and the forward rela-
tivistic factor y, of the REM head and tail. (b) The velocity difference
between the REM head and tail. Solid lines are theoretical results and
the dashed lines are from PIC simulation. A low-density and thin foil
withng = 2, dy = 0.008 (1 nm) is used and ay = 10. A reflector with
no, = 1000, dy, = 0.39 (50 nm) is placed at L = 4.0 away from the
nanofoil. The black dashed lines indicate the moment when the REM
starts interacting with the reflected drive laser.

To confirm our theoretical analysis and investigate the
evolution of the REM, 1D PIC simulations using OSIRIS
[40] are performed. A single-cycle CP drive laser pulse
with a triangular shape is used for convenient comparison
with theory, i.e., E(t) = (0, 2 tcost, % tsint) when0 < 7 <
7 and (0, 227 — t)cost, (2w — 7)sint) when 7 < 7 <
2. The wavelength of the drive laser is chosen to be 800 nm.
We use preionized plasmas with a uniform density distribution
to represent the nanofoil and the reflector. In a double-layer
scheme, the reflector reflects the drive laser to cancel the trans-
verse momentum of the electrons and stop their acceleration.
The distance L between the reflector and the nanofoil thus
determines the energy of the REM and the corresponding ra-
diation wavelength [41]. We target 2-nm radiation and adjust
the distance L in the simulations to achieve yy ~ 10 for the
REM. Note that the reflection of the drive laser is not sensitive
to the parameters of the reflector if the density and thickness
is large enough. A reflectivity of 98.5% is achieved for a
drive laser with ap = 10 and a reflector with np, = 1000 and
dor = 0.39 (50nm) in the simulations. The simulation setup
can be found in Appendix A.

We first choose a low-density nanofoil with ng = 2 and
dp = 0.008 (1 nm) to examine the above theoretical predic-
tions, taking differences across the entire REM width. A drive
laser with ay = 10 is incident on the nanofoil at + = 0 and
accelerates the electrons as shown in Fig. 2(a). For the chosen

parameters, the velocity difference Av, ; due to the pondero-
motive force [purple line in Fig. 2(b)] dominates initially,
building a negative chirp and decreasing the root-mean-square
(rms) width d;,s of the REM until # ~ 2 [purple line in
Fig. 2(a)]. As y, increases, the magnitude of both velocity
differences decreases due to the relativistic effect. The space-
charge term |Av, sc| eventually exceeds the ponderomotive
acceleration term |Awv, | around ¢ = 2.1, following which
the chirp turns from negative to positive and dnps starts to
increase. Att = 5.0 (indicated by the black dashed lines), the
REM interacts with the reflected drive laser, which cancels
its transverse momentum. The y, jumps quickly from ~2 to
~10 and the velocity difference becomes almost zero. During
the subsequent drift in vacuum, the space-charge force slowly
builds the positive energy/velocity chirp along the REM, and
its width increases quadratically (see details in Appendix B),

1 I’lod() 2
—_———(t— 1), 7
443 7/03( : @

where dypys is the width when the transverse momentum of
the REM is canceled. A good agreement between this formula
(purple solid line) and the PIC result (purple dashed line) is
obtained as shown in Fig. 2(a). Note that we assume the REM
has a uniform density distribution to calculate its rms width.
A good agreement between theory and simulation is obtained
in Fig. 2 because a low-density and thin foil is chosen. It is
very challenging or impossible to fabricate such low-density
and thin foils with current technology. We now consider more
realistic parameters.

Figure 3(a) shows the evolution of the REM width when
ng = 10, 30, and 100 and d; is fixed at 0.008 (1 nm). The
drive laser has a more-realistic polynomial envelope with a
full width at half maximum (FWHM) duration of 7, and
an initial 10-eV temperature is set for the nanofoil electrons
(see details in Appendix A). As the nanofoil density becomes
large, the velocity difference due to the space-charge force
dominates at the beginning and the compression of the REM
in the first stage is absent [see Fig. 3(a)]. We examine the
case with nyp = 30 and ay = 10 (green line) and explain its
evolution. Before meeting the reflected drive laser (f = 4.4), a
positive energy chirp (”fi—y; ~ 0.007 nm~") is formed inside the
REM by the space-charge interaction as shown in Fig. 3(b),
and the rms width increases from 0.29 nm to 2.2 nm. The head
and tail of the REM then experience substantially differing
values of ap, when they reach the reflector, resulting in the
negative energy chirp (% ~ 0.086 nm~"') shown in Fig. 3(c).
This effect is small for the case studied in Fig. 2 since its width
at the reflector is 10 times smaller. The space-charge force
then gradually turns the negative chirp to positive. Atz = 8.5,
the linear energy chirp of the REM is almost removed, while
some nonlinear chirps remain as shown in Fig. 3(d). The
chirp then continuously increases, and the growth of the REM
width approximately follows a quadratic curve. At ¢ = 31.4
[Fig. 3(e)], the REM energy is distributed between ~5 and
~10 with % ~ 0.226nm ™! and d;ps & 6.16 nm. Such a large
energy spread affects the radiation properties significantly as
discussed in Sec. III. The color in Figs. 3(b)-3(e) represents
the position xy of the electrons when they are pushed out
from the nanofoil. We can see that the assumption of no sheet

drms ~ drms,r +
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FIG. 3. The evolution of the REM under different 7y and ay. A uniform nanofoil with thickness dy = 1 nm is used. (a) The change of REM
width d, for different conditions. The distance between the reflector and the nanofoil is chosen to let the REM drift with y, ~ 10,i.e.,L = 4.4
forap =5, L = 3.1 for ay = 10 and L = 2.4 for ay = 15. The black vertical lines indicate the position of the reflectors. The inset shows the
dims at t = 15 and 35 for different laser intensity when ny = 30. Panels (b)—(e) show the longitudinal phase space (x — y,) and the density (n)
distribution of the REM at different times for ny = 30 and @y, = 10 [indicated by black circles in panel (a)]. The color represents the position

of the particles when they are pushed out of the nanofoil.

crossing is approximately valid even with an initial tempera-
ture of 10 eV.

For the fixed initial width dy = 1 nm, a larger ny results
in a faster growth of d;s due to the stronger space-charge
interaction [ng = 100 indicated by the orange line in Fig. 3(a)]
and vice versa [ny = 10 indicated by the blue line in Fig. 3(a)].
The rms width of the REM for ny = 100 increases to 7 nm
at the reflector, which is already much longer than the target
radiation wavelength of 2 nm, after which it continues to grow
rapidly.

The effect of different rising edges of the drive laser
is also presented in Fig. 3(a). A sharp rising edge (equiv-
alent to a large ap in our simulations) can accelerate
the REM quickly and suppress the expansion caused by
the space-charge interaction in the first stage. However, the
large dims at the reflector for the small ay case leads to a
large negative energy chirp after the reflector, which helps
resist broadening from the space-charge interaction and delays
the final quadratic growth of d,,s. We show the dependence
of dims On ap at two representative times in the inset of
Fig. 3(a). As ag increases, dims at t = 15 decreases because
the rapid acceleration suppresses the expansion. As a contrast,
there is an optimized ayp & 9 to achieve a minimum d,, at
t = 35, which is due to the competition between the ob-
tained negative chirp after the reflector and the space-charge
interaction.

We can see that the space-charge interaction plays the most
critical role in the REM evolution. In 1D geometry, the space-
charge interaction is similar for nanofoils with the same areal
density ngdy as long as dy varies in a small range. In Fig. 4, we
compare the REM expansion for two groups of parameters:
nody [nm] = 30 and nydy [nm] = 60. As d varies from 1 nm
to 3 nm, the variation of the REM width after the reflector is
<8%.

drms (M)

o 5 10 15 20 25 30 35 40

FIG. 4. The evolution of the REM width d,,,s when varying the
nanofoil thickness dy and density ny. Blue and red lines represent
nody [nm] = 30 and 60, respectively. ap = 10 and L = 3.1 are used
to reach y, = 10.
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FIG. 5. Generation of intense attosecond x-ray pulses. (a) The evolution of the REM width d,,s with and without the colliding pulses.
(b) The y, distribution of the REMs with the colliding pulses. The distribution is normalized at each time for each case. (c) The transverse
electric field E, of the radiation pulses. (d) The normalized Wigner spectrogram of the radiation pulses. The solid lines are the projection of
the Wigner spectrogram and the dashed lines indicate their central wavelength. (e) The peak intensity I, o and (f) the central wavelength A, and

FWHM bandwidth AX, pwiwm of the radiation when varying ..

II1. HIGH-POWER COHERENT ATTOSECOND X-RAY
PULSE GENERATION

In Sec. II, we study the evolution of the REM and clarify
the role of the ponderomotive acceleration, the reflector and
the space-charge interaction. For the parameters we are inter-
ested in (npdp [nm] = 10 ~ 100), the space-charge expansion
dominates the REM evolution and leads to a quadratic growth
of dinys in the second stage as Adyms o ”;—‘f” Here, we propose

to accelerate the REM to an energy higﬁer than the required
1o ~ 10 to suppress the expansion, then collide it with a rela-
tivistic colliding laser pulse to produce the radiation with the
target wavelength via nonlinear TBS. The Doppler upshifted

2
factor in the nonlinear regime is Dyp, = #(1 + %) if an LP
0

colliding laser is used, where a. is the normalized vector
potential of the colliding laser. Nonlinear coherent TBS has
been studied by assuming a high-density and ultrathin REM
[42] or accelerating the REM to very large energy (yo = 70)
with a superintense drive laser (ay = 40) [43]. The effects of
the growth of the energy spread and width on the produced
radiation have not been discussed. In this section, we investi-
gate the generation of attosecond x-ray pulses from evolving
REMs produced from a double layer scheme in both linear
and nonlinear regimes and find that the nonlinear regime can
deliver radiation pulses with higher intensity, less wavelength
deviation from the designed value and narrower bandwidth as

compared with the linear regime. Furthermore, the nonlinear
regime can tolerate large timing jitter between the drive laser
and the colliding laser pulse.

We move the reflector to L = 6.8 for the case with ny =
30, dp = 1 nm and ay = 10 to increase the energy of the REM
after the reflector to 3 & 20. The colliding laser pulse has an
800-nm wavelength and a 10-cycle polynomial envelope. We
choose a. o = 0.2 for the linear TBS and a. o = 2.45 for the

Ac ag,o
4)/02 (1 + 2
the peak normalized vector potential of the colliding laser, and
2 nm is the target wavelength. The moment when the REM
interacts with the peak of the colliding pulse is defined as .,
and we choose 1. = ¢, — t, = 25.1. Details of the simulations
can be found in Appendix A. As shown by the solid lines in
Fig. 5(a), the growth of d;,s when the REM drifts in the sec-
ond stage is strongly suppressed by increasing the energy. If a
colliding laser pulse is present, then the longitudinal velocity
of an electron decreases due to the transverse oscillation,

nonlinear TBS to satisfy

) ~ 2nm, where a. is

e, vy ~1— ﬁ(l + %). This effect enlarges the velocity
difference between electrons with different energies when a
relativistic colliding laser is used. The dashed lines in Fig. 5(a)
show that the nonlinear TBS enhances the REM expansion
(blue) while the linear TBS affects it little (red).

The longitudinal energy y, distribution of the REM in the
second stage is shown in Fig. 5(b). As described in Sec. II,
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the energy spread reaches a minimum quickly and then grows
continuously. The absolute energy spread for yy ~ 10 and 20
is similar before interacting with the colliding laser for the
same npdyp. The relativistic colliding laser pulse imparts large
transverse momentum to the REM electrons and decreases
their y, significantly.

The temporal distribution of the produced radiation for
both cases is presented in Fig. 5(c). The peak radiation field
is E, ~ 0.01 for the linear TBS (red line) and E, = 0.08 for
the nonlinear TBS (blue line). Besides the suppression of the
REM expansion by increasing its energy, the nonlinear TBS
itself also contributes to the improvement of the radiation
intensity [43]. As a contrast to the sinusoidal profile of the
radiation field in the linear TBS, a triangle profile is present
in the nonlinear TBS due to the production of harmonics. The
pulses in both cases have a similar number of cycles as the
colliding laser, i.e., 10 cycles. The FWHM duration in the
nonlinear case is 38.4 as. The duration can be easily tuned by
using colliding laser pulses with different cycles.

The Wigner spectrogram of the radiation is presented in
Fig. 5(d). In the linear case, the energy chirp of the REM elec-
trons is mapped to the radiation spectrum through the Doppler
upshifted factor, i.e., A—f’ ~ 2%. A negative wavelength chirp

of 0.1 nm/as is formed for our parameters. Since the large
a. in the nonlinear case decreases the relative spread of y,
as shown in Fig. 5(b), the resulting radiation has a narrow
bandwidth. The polynomial envelope of the colliding laser
leads to a curved temporal-spectral distribution as shown in
Fig. 5(d) [43]. Due to the continuous decrease of average
energy of the REM, the central wavelength of the radiation
is always longer than the designed value, which is calculated
using yp = 10 (yp = 20) for the linear (nonlinear) case. Since
the wavelength deviation A, is proportional to y0’3, the case
with yp &~ 20 has a much smaller deviation than the y = 10
case. As shown in Fig. 5(d), the central wavelength is A; ~
6.92 nm (A; =~ 3.63 nm) for the linear (nonlinear) case.

Since the REM expansion and y, spread are suppressed
for the y = 20 case, a large change of 7. can be tolerated.
In Figs. 5(e) and 5(f), the dependence of the intensity, central
wavelength and the bandwidth of the produced radiation on
7. is compared for the two cases. We can see that as 7.
changes from 15 to 32, the radiation intensity for the linear
case decreases by one order of magnitude but remains rela-
tively constant for the nonlinear case. The wavelength and the
bandwidth increase in both cases with increasing t., but are
much less sensitive to 7. in the nonlinear case than in the linear
case. Thus, the nonlinear regime looses the requirement of the
synchronization between the drive laser and the colliding laser
pulses.

To study how the radiation intensity changes with the en-
ergy of the REM (yp), we vary aco and set L such that the
radiation wavelength remains fixed at 2 nm. For convenience,
the detailed parameters are listed in Table I. The REM thick-
ness dy at the reflector and the collision point the radiation
peak field E,  and the reflectivity R = 2 are shown in Fig. 6,

where I o is the peak intensity of the reﬂected pulse and I, o is
the peak intensity of the colliding laser.

Since the space-charge-induced expansion Ad,s X ”“d“

decreases quickly as the REM energy increases, the REM

TABLE I. Parameters of 1D PIC simulations in Fig. 6.

L Yo [20)
3.1 10 0.2

39 12.5 1.06
4.9 15 1.58
6.8 20 2.45
9.7 25 3.24
12.4 30 4.0

thickness at the collision point (orange solid line) approaches
the thickness at the reflector (orange dashed line) for large
v0 (ac0), as shown in Fig. 6. The width at the reflector in-
creases slowly as yy increases, because a longer distance
between the nanofoil and the reflector leads to more REM
expansion in the first stage. When yp = 30 and a. o = 4, the
REM width at the collision point is equal to the REM width
at the reflector, which is around 3 nm. The REM width at
the collision point would continue to increase with increasing
0. Since the REM energy increases with increasing ac ¢ for
fixed radiation wavelength, the oscillation current of a sin-

gle electron J “C“ \/a°—°_ saturates as d. increases

1+a2,/2
[43]. Correspondmgly, its emitted radiation saturates. The
saturation of the REM width and the single-particle radiation
intensity results in a saturation of the REM radiation as shown
by the green line in Fig. 6. The slow growth and the saturation
of the radiation intensity results in a smaller reflectivity when
using a higher-energy REM and a higher-intensity colliding
laser as shown by the red line in Fig. 6. Thus, we argue that a
relativistic colliding laser pulse is beneficial for the radiation,
but the yield eventually saturates.

2D PIC simulations have been carried out to study possible
multidimensional effects. The transverse profile of the drive
laser is chosen as a super-Gaussian distribution of exp(—ﬁ—z),
where R = 10A¢. A colliding laser with Gaussian transverse
profile is used and the spot size is chosen as wy = 5i¢ to
ensure the majority is reflected by the flat region of the

10.0035
0.08 10.0030
R 10.0025

- Euo 0.06
s - 10.0020
LL’I\I e
0.04 © 10.0015
10.0010

0.02
10.0005
; 5 3 4—0.00 0.0000

ac,0

FIG. 6. The rms width d,,s of the REM (orange lines), the peak
amplitude E,, of the reflected pulse (green line), and the reflec-
tivity R (red line) versus the colliding laser amplitude a.o. Each

a.o corresponds to a REM energy yp = 104/ 1 + agT" to ensure the
acquisition of radiation with a target wavelength of 2 nm. The solid
and dashed orange lines are the REM width d,,, at the collision point
and reflector, respectively.
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FIG. 7. 2D simulations of intense attosecond x-ray pulse generation. (a) The charge-density distribution at t = 25.12, 31.4, and 37.68
without the colliding laser pulse. (b) The comparison of d,,,s between 1D and 2D simulations. Note d,,,s in 2D represents the on-axis thickness.
(c) The distribution of the radiation field E,. The inset shows the spectrum along the y-direction. (d) The distribution of the radiation field after
0.6 mm of propagation. The green lines in panels (c) and (d) are the longitudinally integrated lineouts of the intensity.

REM. Simulation setup can be found in Appendix A. The
charge density distribution of the REM at several times (t =
25.12, 31.4, 37.68) is shown in Fig. 7(a). The REM maintains
a quasi-1D density distribution during its drift. The evolution
of the on-axis REM width d, is very similar to the 1D
result, as shown in Fig. 7(b). Figure 7(c) shows the electric
field of the produced attosecond x-ray pulse at t = 60. The
Gaussian transverse distribution of the colliding laser leads to
two consequences: one is a wavelength change along the ¥
direction as shown in the inset of Fig. 7(c) and the other is
a focusing wavefront as shown in Fig. 7(c) due to the large
. of the outermost electrons inside the colliding laser. After
0.6 mm of propagation, the FWHM spot size of the pulse is
reduced by a factor of 5, from 3.63 um to 0.77 wm, and its
distribution is shown in Fig. 7(d).

By assuming the laser pulses and the radiation are axisym-
metric, a 270 TW drive laser pulse and a 2 TW colliding laser
pulse are used in the above simulation to produce a soft x-ray
pulse with 48 as duration and 3 GW peak power. The spot size
of the attosecond pulse can be adjusted by employing drive
lasers and colliding lasers with different spot sizes, and its
pulse duration can be adjusted by changing the duration of the
colliding pulse.

IV. DISCUSSION AND CONCLUSION

One of the biggest challenges involved in this work is the
nanofoil fabrication. Promising candidates are nanomeshed
graphene [44] and diamondlike carbon foil [45]. The scatter-
ing of the REM electrons in the reflector is not included in
the PIC simulations, but this effect is unimportant for parame-
ters of interest. According to the classical multiple-scattering
formula [46], assuming we use the Au reflector, the REM
will own a scattering angle of a few milliradians after passing
through the reflector in our simulations, which has little effect
on the subsequent TBS process.

When using relativistic colliding laser pulses, harmonics
appear in the radiated spectrum [47], as illustrated by the non-
sinusoidal pulse profile (blue line) in Fig. 5(c). However, the
intensity of any harmonic is at least two orders of magnitude
smaller than the fundamental for our parameters. Moreover,
the recoil effect [48] in our cases can be neglected since the
average radiation loss of each electron is much less than their
kinetic energy and the energy spread.

In conclusion, we investigate the generation of intense at-
tosecond x-ray pulses through coherent TBS in a double-foil
scheme. The competition between the velocity compression
before and after the reflector and the space-charge interaction
determines the evolution of the REM. We clarify how the laser
pulse driver, the nanofoil and the reflector affect the REM.
As a contrast to previous studies of REM, the space-charge
interaction results in a large energy chirp on the REM, which
leads to a wavelength deviation and a large bandwidth of
the radiation. We propose to increase the REM energy to
suppress its expansion and produce radiation with a target
wavelength of 2nm through nonlinear TBS. We find that
this nonlinear regime can deliver x-rays with high intensity,
narrow bandwidth and less wavelength deviation and loose the
synchronization requirement between the drive laser and the
colliding laser. In multidimensional scenario, the attosecond
x-ray pulse generated through nonlinear TBS can be focused
to smaller spot and higher intensity. Such compact soft x-ray
sources with tens of attoseconds duration and several GW
peak power may be of general interest in attosecond science.
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APPENDIX A: SIMULATION SETUP

For the 1D simulations shown in Secs. II and III, we use a
fixed simulation w1nd0w with a box size of 25X¢. We choose
the grid size dx = 20000 = 0.04 nm to resolve the radiation
wavelength (~2nm) with a time step of dt = 0.999‘17“‘ ~
0.13 as to satisfy the Courant-Friedrichs-Lewy (CFL) con-
dition. We use 500 macroparticles per cell to represent the
plasma electrons. The ions are taken as immobile. The ini-
tial plasma temperature is 7 = 0 in Fig. 2. For other 1D
simulations, plasma electrons in the nanofoil have an initial
temperature of 10 eV, and the reflector remains cold. The
electric field of the polynomial laser pulses in these simula-
tions has a symmetric temporal profile of 1073 — 15t* 4 677,

where T = {(t ) For convenience, the detailed parameters
in Fig. 6 are listed in Table 1.

The 2D simulation in Fig. 7 uses a fixed window with a
box size of 17k0 x 40X¢ in the x-y plane, and the grid size

is dx x dy = ]0000 X 28 = 0.08nm x 20nm. The time step
is dt = 0. 999W ~ (0.27 as. We use 20 macroparti-

cles per cell to represent the plasma electrons. Other settings
are the same as the yy = 20 case in the 1D simulation in
Fig. 5. To model the focus of the produced radiation with rea-
sonable computational cost, the electromagnetic fields from
Fig. 7(c) are exported into a small box using a moving window
with size of —AO X 20%0 in the x-y plane and grid size of
= 0.04nm x 20nm. The time step is

~ (.13 as.

dx x dy = 20000 X

dt =0. 999W

APPENDIX B: REM DYNAMICS DERIVATION

In this Appendix, we give detailed derivations of the equa-
tions in Sec. II. The equations of motion for the electrons
within both the laser field and their space charge field are

dpx
dp = —Ex — "UyBZ + UZB}’7 (Bl)
t
dpy
d—ty = —Ey + UXBZ’ (Bz)
dp
d—tz = _EZ — UxBy, (B3)
d
d—‘}t/ = _UXEX — UyEy — UZEZ’ (B4)

where the laser pulse propagates along the x direction and
B, = 0. We consider a 1D geometry, where the transverse
fields include the laser pulse only with Ey(t) = B.(r) and
E.(t) = —By(7), and the longitudinal field E.(z,z) is the
space charge field only, where v =t — x. Using [% =(-

vx)%, we can obtain equations for the transverse and longitu-
dinal momenta:

M = E.(t,2), (BS)
dt

PL_ g () (B6)
drt

The transverse canonical momentum conservation is still
valid, p; = a. Since the REM thickness changes, its space-
charge field E, is not just a function of t, and there is no
conserved quantity for the longitudinal motion. If there is no
sheet crossing between the electrons (which is confirmed in
the simulations), then E, is a constant for each particle after it
leaves the target. We neglect the process by which the REM is
pushed out of the target and integrate Eq. (BS) to get

Y —Px= ()/ - Px),- + Et, =1+ E;7,, (B7)

where 7, = ftt dt'[l —
cle after the REM leaves the nanofoil. Using y? = 1+ p? +
[pL|?, we have

v,(t')] is the increase of 7 for a parti-

_14+ad 4+ (1 +E7)

, (B8)
201+ E1)
1 2 _ (1 E.t, 2
L Ll Gk )2 (B9)
2(1 + E;t,)
1+a®—(1+E,7,)>?
v, = +a (I+ET.) (B10)

14+a?+ (1 +Et,)?

To find the velocity difference between two particles, we do
a Taylor expansion on Eq. (B10) and keep only the first-order
terms,

Mg~ 20 da L O g, (B11)
Uy NN — — T,
da dt, 0(Ext,)
The first term is
4a(l 4+ E,7,)* da
Av,p = 55—
414+ a?+ (1 + Ect,)?]" dt
da da
N ———— —Ax, (B12)
42 +a2)" dt
where E, 7, <« 1 is used in the last step.
The second term is
4(1 + E,7.)(1 2
AUX,SC = - ( + i )( ta ) Z(AExTe)
[1+a®+(1+E’.)]
4(1 2
~ ) |y, (B13)
(2+d?)

where E, 7, < 1 is also used in the last step.

We now discuss the second stage (after the reflector), dur-
ing which the REM drifts in vacuum under the influence of
only the space-charge fields. The longitudinal equation of
motion for the electrons is

dp, d
W _p o~ (B14)
dt dr’
and the solution to y is y =~ yy — E,(t —t,), where y; is
the relativistic factor of the particles immediately after the
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reflector. Thus, the velocity difference between the head and
the tail particle of the REM is

1 1
Avgse® [1— = — [l - ————,
\/ % [vo — Ex(t — 1))

~ Ex(t - tr)
Z
nodo(t — 1)
= —, (B15)
Yo

where yp > 1 and E,(t — 1) < yp are used to simplify the ex-
pression, and E, = nyd, is the space-charge force experienced
by the tail particle if there is no sheet crossing.

If we assume that the particles have the same energy im-
mediately after the reflector, i.e., the velocity difference in the
second stage is mainly caused by the space-charge interac-
tion, then the separation dp; between the REM head and tail

particles is

t
dht = dht,r +/ Avx,SC(t/)dt/
t

(B16)

where dj, ; is the separation at the reflector. To know the rms
width of the REM, we assume its density remains uniform
during the expansion. This is approximately true when the
expansion is small, yielding an rms width of

e dni \*
Aims = / (x— —) dx
[

nodo(t — 1,)?
43y

is the rms width at the reflector.

(B17)

= drms,r

dhl.r
2V3

where diysr =
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