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Generation of extreme-ultraviolet and x-ray light from a propagating nanometer
electron layer in few-cycle laser interaction with solid targets
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A new generation mechanism of coherent extreme-ultraviolet (XUV) and x-ray radiation presents in the few-
cycle laser interaction with solid density plasma. Two-dimensional simulations show that the XUV and x-rays
intensities do not have power law or exponential law dependence on the frequency which is followed by the high
harmonic spikes generated through the coherent-wake-emission or relativistically oscillating mirror processes.
The XUV and x rays are actually nonlinearly scattered by the successively propagating nanometer electron layers
formed in the combined effects of the ponderomotive forces of the incident laser pulse and the electric force due
to the charge separation. The nanometer electron layers move in the laser field and the characteristic electrons
have their directions bended several times due to the change of the laser’s magnetic field. At every bending point,
these electrons emit strong synchrotron radiation along a direction that deviates from the reflected laser, even
if the normalized drive laser amplitude is at ap &~ 1. The simulation results for two cases with and without the
density profile truncation indicate that the efficiency of this mechanism strongly depends on the preplasma.
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I. INTRODUCTION

Bright coherent extreme-ultraviolet (XUV) and x rays are
important light sources for applications in the diagnosis of
atomic and molecular dynamics [1], free-electron lasers [2],
and coherent diffraction imaging [3]. For the generation of
XUV and x rays, one promising method is utilizing ul-
traintense laser pulse irradiating a solid target to generate
high-order harmonics (HHG) which inherits the full tempo-
ral and spatial coherence, as well as the perfect temporal
synchronization. This method also has advantages over ex-
periments with gas targets since there are no limits on the
applicable laser intensity by the ionization processes [4—6]
and the frequency-up-conversion efficiency increases along
with the laser intensity so that scientific research on ultra-
short x-ray nonlinear optics becomes achievable [7-9]. Three
main mechanisms of HHG in laser interaction with solid
targets have been identified both experimentally and theo-
retically, i.e., coherent wake emission (CWE) [10,11], the
relativistically oscillating mirror (ROM) [12,13], and coher-
ent synchrotron emission (CSE) by electron bunches [14,15].
The efficiency and quality of HHG rely on laser and plasma
parameters, such as the laser pulse intensity, polarization, and
temporal profile contrast [16—18]; the target shape or structure
[19-24]; the preplasma scale length [25-29]; the angle of

*ydn@hit.edu.cn
fqldong @aphy.iphy.ac.cn

2469-9926/2024/109(4)/043519(7)

043519-1

incidence [30,31], etc. With the development of few-cycle
lasers and their applications in the generation of XUV and
x-ray pulses [32-36], it is possible to examine the HHG mech-
anism through the radiation property measurements by getting
rid of the interference effects usually existing in multicycle
long-laser-pulse experiments. With the interaction mechanism
being deeply understood, one can investigate the effects of the
carrier envelope phase (CEP) on HHG and produce experi-
mentally the single attosecond pulse that is necessary to put
the pump-probe technique into applications in ultrafast phys-
ical process detection [37]. With applications of ultraintense
few-cycle laser pulses in HHG experiments, it is largely pos-
sible that the CSE from relativistic electron nanobunches will
take place on the microscopic level when proper physical con-
ditions are matched [15]. Such processes were discovered by
van der Brugge and Pokhov and then further investigated by
others [38—41], usually with one-dimensional particle-in-cell
(1D PIC) simulations. However, two-dimensional physical
effects still need to be considered, especially in situations
with oblique incident laser pulses and different plasma density
profiles.

In this paper, we report results of two-dimensional PIC
simulations about the generation of XUV and x rays in a
few-cycle laser pulse interaction with solid targets. It is found
that the XUV and x-ray intensities do not follow power law
or exponential law as usually found for the CWE and ROM
mechanism reported in previous papers [41-43]. In particular,
two XUV and x-ray radiation bands are found isolated from
the background lower-frequency harmonics spectrum, and
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FIG. 1. (a) The setup of the initial laser-plasma conditions with
different preplasma ramp shapes. The incident laser beam radiates
on the target front surface with an incidence angle « = 45°. (b) The
distribution of the laser electric field E| at the initial moment. (c) Two
different kinds of preplasma density profiles on the laser axis. The
solid blue line represents without (w/0) the density profile trunca-
tion, and the dashed red line represents with the profile truncation.

their radiation directions deviate from the laser reflection di-
rection. This cannot be explained with the models mentioned
above. In this work, we show that the generation of XUV and
x rays depends on nanometer electron layers formed by the
combination effects of the ponderomotive force of the laser
pulse and the electrostatic field induced by charge separation.

II. SIMULATION PARAMETER SETUP

The two-dimensional PIC code OSIRIS [44] was used to
study the generation of XUV and x rays. The schematic of
laser plasma parameters is shown in Fig. 1(a). The intensity of
the incident laser pulse is normalized by ag = eE, /m.woc and
ap = 1.0, where e and m, are the charge and mass of a single
electron, respectively, E, is the initial laser electric field, wg
is the angular frequency of the laser pulse. The laser pulse
has a Gaussian profile in both longitudinal and transverse
directions. The laser wavelength and period are A; = 800 nm
and Ty = A¢/c, where c is the light speed in vacuum. The laser
beam full-width-at-half-maximum focus diameter is 2.0 um
at x = 0.0 um and the pulse duration is 7 =3.0 7o = 8 fs
which makes it a few-cycle pulse as shown in Fig. 1(b). The
laser pulse is incident from the left boundary of the simulation
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FIG. 2. Distributions of the reflected laser electric field E, in
(a) spatial space (x,y) and (b) the corresponding wave vector space
(ky, ky) in units of ko, where k, is the wave vector of the incident
laser pulse, at + = 10.07; without (w/0) truncation. Two radiation
bands whose frequencies are cross extreme ultraviolet (XUV) and
x-ray wave bands are found in panel (b). (c) The angular distribution
of the spectra in units of degrees. The 6 direction is shown in panel
(b), where 8 = 0° is the normal laser reflection direction.

box with an incidence angle o« = 45°. The solid target has a
maximum density with ny,,x = 100.0n., where n, is the criti-
cal density for 1y and an exponentially increasing preplasma
density with a scale length of L = 0.16 um. The preplasma
density gradient is perpendicular to the solid target surface.
For comparison, two different kinds of preplasma density pro-
files have been taken in our simulations as given in Fig. 1(c),
i.e., with and without truncation. The simulation box range is
—10 pm < x < 10 pm and —10 um < y < 10 um. The box
is divided into 8000 x 8000 cells totally, which can provide a
resolution of 2.5 nm. We set 16 electrons (macroparticles) and
immobile ions in each cell.

III. SPECTRAL PROPERTIES OF THE HIGH HARMONICS

We analyze the frequency of the reflected laser pulse pass-
ing through points A and B, with A located in the right
reflection direction. Figure 2 shows the electric field E, and
the corresponding spectra of reflected laser pulses and their
angular distribution, which indicates two radiation bands with
frequency located within the XUV and x-ray ranges [see
Fig. 2(b)]. The angular distribution of the spectra as given in
Fig. 2(c) shows that the XUV and x rays deviate from the laser
reflection. The maximum angle could reach about 40°. It is
little possible for such angular deviation to be introduced by
the numerical dispersion [45]. To further examine the angular
distribution, we perform a more refined simulation with the
same laser-plasma parameters which only doubles the spatial
resolution since it can significantly reduce the numerical an-
gular deviation. The results show almost the same XUV and
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FIG. 3. Distributions of (a) the reflected laser electric field E, and (b, c) the corresponding frequency spectra in units of laser frequency wy
at point A in Fig. 1(a) without truncation. The orders are from (b) 1st to 4th and (c) 11th to 25th. The frequency spectra are with the normalized
intensity (i.e., Norm. Intens.). (d) The frequency spectrum (the solid blue line) with the x-ray wave band and (e) the corresponding inverse fast
Fourier transformation (iFFT) after filtering [the dashed orange line in panel (d)] at point B in Fig. 1(a) without truncation.

x-ray bands, so we can eliminate the effects of the numeri-
cal dispersion. The temporal distribution and corresponding
frequencies of the electric field E, at point A are given in
Figs. 3(a)-3(c). From the scaling law of the high harmonic
(HH) intensity versus orders, it is found that the HHG can be
attributed to two mechanisms, the CWE in orders from n =
Ist to 4th in Fig. 3(b) and the ROM in orders from n = 10th
to 25th in Fig. 3(c). Both of their spectral strengths scale with
orders in a power law. The HHG order is limited to n = 60th,
at which frequency the radiation intensity becomes very weak.
To find the position dependence of the HH property, Fig. 3(d)
gives the spectra recorded at point B, showing that HH orders
between n = 100th and n = 110th are also produced [46—48].

IV. DYNAMICS OF ELECTRONS EMITTING
THE HIGH HARMONICS

To find out the mechanism for the generation of XUV and
x rays, we record the temporal evolution of the preplasma
density profile since the incident laser pulse is as given in
Fig. 4. The electrons pile up and form an electron layer by the
ponderomotive force of the laser pulse at different preplasma
areas. The incident laser pulse intensity / can be expressed
as I = Ipexp(—r?/R3 )exp[—(x — Xcent)*/(*T7)], where Iy =
1.37 x 1018 a2 /22 [um] W/cm?, Xeen is the position of the
laser pulse center, R, = 1.2 um is the l/e2 focus radius, and

T, = 1/2+/In2. The longitudinal and radial ponderomotive
forces, f, and f,, have the forms of f; o« —dI/dx and f,
—al/dr. So, f, and f, get their maximum values fyn,x and
frmax at |X — Xcent| = cT1./ V2andr = R/ V2, respectively.

The original electron layer forms in the balance of the pon-
deromotive force f, with the charge separation electric field
E in the radial direction macroscopically. The radial pon-
deromotive force f, has the expression f, = — 4m:02 T %[1 -
cos(2wot)]. With the [1 — cos(2wpt)] term ignored, we have
fr ~ 107° N around the laser focus. It is approximated that
Efe(npeak —no)ds/2 ~ (npeak —ng) fr:b frdr, where Npeak and
ng are the peak and the original electron density of the electron
layer, d; is the original thickness of the electron layer, and
|rp, — rq| ~ L is the radial interaction distance of the incident
laser and the preplasma around the critical-density plane.
According to the simulation results, one has the following
analytical estimates, E; ~ 101 V/m, frrb frdr ~ 107N m,
and d,; ~ 10 nm, which are consistent with the simulation
results.

The nanometer electron layers are modulated by both the
incident and the reflected laser pulses, so that they are not
stable. The thin layer is embedded within the laser electro-
magnetic fields and the charge separation electric field E, as
shown in Figs. 5(c) and 5(d). At the beginning of formation,
the two side surfaces of the thin layer are subjected to electric
forces with opposite directions, and the electron layer splits.
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FIG. 4. The temporal evolution of the electron density n, at (a) t = 6.25T;, (b) t = 7.0Ty, and (c) t = 7.5Ty.

One is dragged into the inner plasma area and the other moves
along the plasma surface stably. As one can see from Figs. 4(a)
and 4(b), two nanometer electron layers of high density and
smaller thickness are formed by £ and f; att = 6.257;. Both
of them move along the +y direction as shown in Figs. 4(b)
and 4(c), although they deviate from this direction a little.
Within a few laser periods, the two nanometer electron layers
can be maintained, and they keep their profiles and behave like
solitary waves during their propagating process. The moving
velocity of the nanometer electron layer is about 0.9c.

In the longitudinal direction, the electron layer can hardly
get split because the radiation pressure +/2I/c can hold the
electron layer as a whole. So the split of the electron layer
happens on the edge of the radial laser focus since the laser
intensity is weak and the laser gets reflected quickly in this
area.

Characteristic electrons emitting HH around the 100th or-
der show similar moving tracks and motion patterns. A typical
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FIG. 5. The temporal evolution of (a) the electron density n,,
(b) the logarithmic wave vector intensity, and (c) the laser electric
field E, (the charge separation electric field is also overlaid on this
colormap) on the x = —0.5 wm line. (d) The distribution of the laser
electric field (LEF, the dashed green line), the charge separation
electric field (CSEF, the dotted blue line), and their summing field
(LEF + CSEF, the solid red line) at t = 6.357; [i.e., the dashed black
line in panel (c)].

electron track is shown in Fig. 6(a) with the background
of electron density. Comoving within the nanometer layer,
the single electron also runs along the 4y direction due to
combination effects of the charge separation electric field
E and the laser electric field after its first oscillation at the
original position when the incident laser pulse comes. After
the electron layer split, the moving nanometer electron layers
elongate along the x direction due to the stretch of E, and
the laser electric field E,. This is because the ponderomotive
pressure of the laser pulse keeps compressing the electron
layer along the direction perpendicular to the gradient of
the preplasma density as shown in Figs. 4(b) and 4(c). The
nanometer electron layers also get thinner along the —x direc-
tion and can get as thin as ~7.0 nm. The whole nanometer
structure is in the laser magnetic field B,. With the nanometer
electron layer moving, the single electron undergoes a gradual
deceleration because it moves slower than the phase velocity
of the nanometer electron layer. Once the single electron falls
behind of the nanometer electron layer, the charge separation
electric field E; makes the single electron decelerate further.
When the single electron is decelerated to a velocity v ~ 0.1c,
the single electron begins to turn back at point 1 as shown
in Figs. 6(a) and 6(c). This is caused by the Lorentz force
of the laser magnetic field B, when B, > 0. With the single
electron turning back, it emits synchrotron radiation at point
1 when it is bent by the magnetic field. After passing point 1,
the single electron moves toward the overdense plasma and
feels that the laser magnetic field B, changes its direction
rapidly, i.e., B, < 0, as the reflected laser propagates. Then,
the single electron turns to the left because the direction of
the Lorentz force gets reversed. Then, the direction of B,
changes to B, > 0 again and the single electron turns back at
point 2 as shown in Figs. 6(a) and 6(c). At point 2, the single
electron also emits synchrotron radiation for the second time.
However, the intensity of this second emission should be very
weak since the electron density is low and the kinetic energy is
small. After that, the single electron is dragged into the solid-
plasma area by the charge separation electric field. One can
evaluate the radiant power of the synchrotron P by using P, =
nee4sz§ / 16n260m3c3, or the radiation intensity relies on the
electron density n, and its kinetic energy. As one can see from
Fig. 6(b), the density of the nanometer electron layer can reach
as high as 3n,. If we take v ~ 0.1c¢ and B, ~ 10°T, we can
estimate that P, ~ 10'" W /cm?, which is the same amplitude
from simulations. There are two nanometer electron layers
moving along the +y direction as shown in Fig. 4(b) and they
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FIG. 6. (a) Typical trajectory of electron motion in laser preplasma interaction without truncation. The green point represents the initial
position of the selected electron while the magenta point represents its final position (the same below). The color of the trajectory represents
the electron’s kinetic energy (the same below). The background color shows the distribution of the electron density n, at ¢t = 8.257;. (b) The
distribution of the electron density n, at x = 1.0 um [the dashed black line in panel (a)]. (c) The energy of the selected electron (the solid blue
line) and the magnetic field B, (the dashed red line) that the electron experiences.

emit two corresponding XUV and x-ray bands, producing the
interference-fringe-like structures as shown in Fig. 5(b).

The preplasma is important for the electron layer forma-
tion and the HHG through the CSE mechanism. We also
carried out studies with the density profile truncation in the
preplasma. The simulation results are shown in Figs. 7-9 for
comparison. The HHG generated by the CWE mechanism
(orders from n = 1st to n = 4th) is observed in Figs. 8(a) and
8(b). No HHG generated by the ROM mechanism is observed
in this case since the electrons can hardly be accelerated to
relativistic velocity because the electron density of 7.0n. at
the truncation point is so high that the ponderomotive force
can hardly push the electron away from its original positon,
let alone the formation of large amplitude oscillation and
kinetic energy. For the same reason, the maximum order of
HHG is limited in this case. One can see from Fig. 8(c),
the maximum order is near n = 20th. However, the temporal
frequency spectrum shows an isolated frequency from the
background at near n = 20th. Its radiation intensity can reach
~10" W /cm? as calculated from Fig. 8(d). To find out the
origin of the isolated frequency component, we analyze the
electrons’ motions and the electron density as given in Fig. 9.
The 0.01-um electron layer compressed by the ponderomotive
force of the laser pulse is observed and its density can reach
as high as 16.0n, from Fig. 9(b). A typical electron track is
shown in Fig. 9(a). This electron turns its direction to the
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FIG. 7. Distributions of the reflected laser electric field E, in
(a) spatial space (x,y) and (b) the corresponding wave vector space
(ky, ky) in units of ko, where kj is the wave vector of the incident laser
pulse, at# = 10.07; with truncation.

solid-plasma area at point 3 of Fig. 9(a). At the turn point, the
electron emits synchrotron radiation. Although the electron
layer has a higher electron density, it has kinetic energy lower
than that of the case without the density profile truncation and
soon collapses into the solid plasma. So the radiation intensity
does not improve obviously in this case.

V. CONCLUSION AND DISCUSSION

We show research about few-cycle laser pulse interaction
with solid-plasma generating XUV and x rays. The XUV and
x-ray intensities do not match the power law or exponential
law and their directions deviate from the laser reflection.
Further studies show that the XUV and x rays are formed
when the laser pulse nonlinearly scattered from propagat-
ing nanometer electron layers, whose formation is attributed
to the combination effects of the laser ponderomotive force
and the electric force due to the charge separation. After
the instability and splitting at the formation beginning, the
nanometer electron layer propagated along the target surface
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FIG. 8. Distributions of (a) the reflected laser electric field E, and
(b, c) the corresponding frequency spectra in units of laser frequency
wp at point A in Fig. 1(a) with truncation. The orders are from (b) 1st
to 4th and from (c) 10th to 60th (the solid blue line). The frequency
spectra are with the normalized intensity (i.e., Norm. Intens.). (d) The
corresponding inverse fast Fourier transformation (iFFT) of the fre-
quency spectrum with near the 20th order after filtering (the dashed
orange line) at point B in Fig. 1(a) with truncation.
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FIG. 9. (a) Typical trajectory of the electrons’ motion in the laser
preplasma interaction with truncation. The background color shows
the distribution of the electron density n, at t = 8.257;. (b) The
distribution of the electron density n, at x = 1.4 pm [the dashed
black line in panel (a)].

like a solitary wave, successively producing XUV and x-
ray radiation every time its experienced laser magnetic field
changes its direction. Although the kinetic energy of a charac-
teristic electron is low and usually below ~m,c?, the number
of such electrons is massive. So they can irradiate strong
radiation at frequencies beyond the limitation of the power
law. For the effects of the plasma density, a profile with a
truncation beyond the critical point is used. The radiation

order can only reach n & 20th, much lower than n = 100th
in the case without the density profile truncation. This is
because the electron layer cannot be compressed as thin as
a nanometer and the kinetic energy obtained from the laser
is lower as the over-critical density at the profile truncation
point prevents effective acceleration of electrons. With the
development and improvement of few-cycle laser technology,
it is a prospective method to realize the generation of “wa-
ter window” radiation effectively in the laser-solid plasma
interaction.
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