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ABSTRACT

The carrier-envelope phase (CEP) ¢, is one of the key parameters in the generation of isolated attosecond pulses. In particular, “cosine” pulses
(¢, = 0) are best suited for generation of single attosecond pulses in atomic media. Such “cosine” pulses have the peak of the most intense
cycle aligned with the peak of the pulse envelope, and therefore have the highest contrast between the peak intensity and the neighboring
cycles. In this paper, the dynamics of single attosecond pulse generation from a relativistically oscillating plasma mirror is investigated. We
use an elementary analytical model as well as particle-in-cell simulations to study few-cycle attosecond pulses. We find that the phase of the
field driving the surface oscillations depends on the plasma density and preplasma scale length. This leads us to a counterintuitive conclusion:
for the case of normal incidence and a sharp plasma-vacuum boundary, the CEP required for the generation of a single attosecond pulse
phase is closer to ¢, = 77/2 (a “sine” pulse), with the exact value depending on the plasma parameters.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155957
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atomic gases.

I. INTRODUCTION required to optimize HHG in

The advent of femtosecond laser pulses and their nonlinear
conversion into phase-locked harmonic frequency combs in the
extreme ultraviolet (XUV) spectral region underlies a number of
recent developments in the field of attosecond science. In the tem-
poral domain, these frequency combs correspond to attosecond
pulses/pulse trains and allow electron dynamics in atoms and con-
densed matter to be studied on their characteristic temporal and
spatial scales.”” The production of harmonic frequency combs is
typically achieved through high-order harmonic generation (HHG)
in gases’ * and is well established. Pulse energies are, however, lim-
ited by the modest conversion efficiency. Increasing the pulse energy
by converting petawatt class lasers using HHG in gases is impractical
owing to the extremely long focal lengths that are needed to achieve

HHG during the reflection of a relativistically intense laser
pulse at plasma surfaces (also referred to as surface HHG)"*" is bet-
ter suited for converting high-peak-power lasers to XUV frequency
combs. Substantial progress has been made in the development of
the sources in recent years,” '” with keV photons’ and attosecond
pulse structure being observed!! (1 attosecond = 1 as = 1078 5). The
higher pulse energies available from surface HHG make it attractive
for attosecond pump/attosecond probe experiments, and it is there-
fore envisaged as a basis of the attosource at the ELI-ALPS'® project.
There are typically three HHG processes under such conditions,
so-called coherent wake emission, ' the relativistically oscillating
mirror (ROM) mechanism, *'” and coherent synchrotron emission
(CSE).”"?> We will concentrate on the ROM and CSE mechanisms,

Matter Radiat. Extremes 8, 064004 (2023); doi: 10.1063/5.0155957
© Author(s) 2023

8, 064004-1


https://pubs.aip.org/aip/mre
https://doi.org/10.1063/5.0155957
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0155957
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0155957&domain=pdf&date_stamp=2023-September-18
https://doi.org/10.1063/5.0155957
https://orcid.org/0000-0002-4124-3485
https://orcid.org/0000-0003-3549-551X
https://orcid.org/0000-0002-3268-2267
mailto:zagidullinrishat@gmail.com
mailto:wangjw@siom.ac.cn
mailto:s.rykovanov@skoltech.ru
https://doi.org/10.1063/5.0155957

Matter and

Radiation at Extremes

which are predicted to be better suited to the generation of the
shortest pulses.

Clearly, single attosecond pulses are preferable for the mea-
surement of attosecond dynamics. In the case of gas harmonics, a
single dominant attosecond pulse is usually produced either with
few-cycle laser pulses’ or with the help of so-called polarization
gating.*” The first technique, intensity gating, relies on the shortness
of the laser pulse and the nonlinearity of the harmonic generation
process. The intensity and maximum photon energy of harmonics
depend strongly on the laser field. They will peak in the laser half-
cycle with the strongest field. Depending on the carrier-envelope
phase (CEP), the laser pulse can have one strong peak (a “cosine”
pulse) or two strong peaks of equal strength (a “sine” pulse) in the
electric field, leading to a single attosecond pulse or a pair of attosec-
ond pulses. The second technique, polarization gating, relies on the
fact that circularly polarized laser pulses do not generate harmonics.
By constructing a laser pulse that has circular polarization on the
temporal wings of the pulse and linear polarization in the middle,
one can effectively gate the harmonic emission process and isolate
single attosecond pulses.”” It is not surprising that similar concepts
for generating single attosecond pulses in gases can also be applied
in the case of harmonics emitted from plasma surfaces (and non-
linear Compton scattering as well”**’). To date, isolated attosecond
pulses from surface harmonics have never been measured directly in
the laboratory, but experimental'*'*** ** and numerical”’ " results
suggest that both intensity and polarization gating will lead to the
emission of isolated attosecond pulses.

The influence of the CEP of the ultrashort laser pulses on the
HHG process in plasmas has been studied extensively with both lab-
oratory and numerical experiments.' """ A density-dependent CEP
phase shift has not, however, been described. Our work serves as
a complementary and, in our opinion, important extension of the
above-mentioned papers.

In this paper, we investigate the density and preplasma depen-
dence of the CEP on surface HHG. We show that for the case of
normal incidence, the condition for the generation of single attosec-
ond pulses is counterintuitive, requiring careful consideration of the
CEP, plasma density, and preplasma scale length. For a dense step-
like profile, a “sine” (¢, = 7/2) rather than the familiar “cosine”
(¢, = 0) pulse from HHG in gases is required. The dependence of

0.0
3.0
6.0|
9.0/
_12.0]
< 15.0

24.0;
27.04

=
>18.0|
21.0|
0 4.0 6.0 8.0

3080 2 :
Xl/AL

RESEARCH ARTICLE pubs.aip.org/aip/mre

the CEP phase ¢, on target density and scale length is investigated
both analytically and with 1D and 2D particle-in-cell (PIC) codes
(see the left of Fig. 1 for a visualization of the numerical experiment).

Let us note that normal incidence is a crucial aspect of our prob-
lem set. With oblique incidence, additional plasma oscillations may
occur, as the component of the electric field of the laser, normal to
the plasma surface, grows. Oblique counterparts of the 2D PIC simu-
lations presented in this paper show that it is the “cosine” pulse that
may produce single attosecond pulses. We omit graphs illustrating
this, since they are beyond the scope of this research, but we do refer
the reader to relevant material in Ref. 29.

Throughout the paper, relativistic units m. = ¢ = e = 1 are used.
The vector potential field amplitude is a = eA/mec, the time is
t = wrt’, the momentum is p= p' /mec, the spatial coordinate is
x = x" /A1, and the plasma density is n = n’/n.. Here, c is the speed
of light, A is the vector potential describing the laser pulse, wr
is the laser frequency, A = 27c/wy is the laser wavelength, and
fe = aomewﬁff2 is the critical density.

Il. DENSITY-DEPENDENT PHASE SHIFT

Consider the structure of the fields driving the motion of the
electrons at the plasma-vacuum boundary. The transverse electro-
magnetic fields satisfy the boundary condition equation dinc + dren
= Qey, With ainc the incident, a.q the reflected and gy the evanescent
field inside the plasma. At the boundary, electron motion, in addi-
tion to being governed by aix, is also governed by a,eq. A phase shift
between the incident and reflected fields causes a phase shift of the
CEP with respect to the incident laser pulse. This phase shift depends
on the detailed form of the evanescent wave that extends into the
plasma beyond the critical density surface and consequently on both
the peak density and shape of the plasma gradient. This is similar
to the phase shift encountered in the reflection of electromagnetic
waves from a metallic mirror.

For the analytical model, a preionized overdense (#. > nc)
plasma slab occupying the positive half-space (x > 0) is assumed.
Thus, the plasma almost perfectly reflects a linearly polarized rela-
tivistic laser pulse incident normally from the negative half-space.
The ponderomotive force of the laser pulse causes a fast oscil-
lation of the surface electrons in the longitudinal direction with
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FIG. 1. Left: fixed-time snapshot of 2D PIC experiment before the pulse hits the target. Right: spatio-temporal electron density distribution zoomed on the plasma surface. The
white line is the analytical solution and the red line the numerical solution (1D PICWIG) for a single particle. The parameters are n = 80n, a = 5, and a sin?-enveloped laser
pulse with a duration of four optical cycles and linear polarization. The inset on the right shows the evolution of the target density in the relativistic case (n = 80nc, ag = 20).
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near-light-speed velocities. The reflected light is blue-shifted and
temporally compressed owing to the relativistic Doppler effect, and
thus it contains high-order harmonics.

On the vacuum-plasma boundary, located at x = 0, the inci-
dent, reflected, and evanescent vector potentials are given by Aixc
= —agsin(t —x+ @), Are = —a, sin(t + x + ¢, ), and Aey = —ay sin(t
+¢,)f(x), respectively. Here, f(x) is the function describing the
decay of the evanescent wave inside the plasma. Solving the
wave equation on the vacuum-plasma boundary, one obtains the
boundary conditions

ao cos (t+ o) +ar cos (t+¢,;) =ar cos(t+¢) f(0) (1)

and

ay cos (t+@o) — ar cos (t+¢,) = —ar sin (t + ¢¢) £'(0)  (2)

for the electric and magnetic fields, respectively, at x = 0. After some
algebraic manipulations, one can see that the resulting electromag-
netic fields acting on the electron layer at the plasma surface are
phase-shifted relative to the incident fields. This phase shift depends
on the value of the evanescent field and its derivative at the bound-
ary, and so the phases of the evanescent and reflected fields are given

by

@t = Qo — arctan [J;((((()))) ] + 2y 3)

and

f(0)
f(0)

@r = @o — 2 arctan [ ] + 27y, (4)

respectively, where v and p are integers. To derive the exact function
f(x), one has to solve the wave equation (we assume here ap < 1)
0*aj0t* — 9%a)dx* = —n(x)a(x,t) for x > 0, i.e., inside the plasma.
For a step-like density profile, the resulting phase shift is

@t = @o + arctan (\/w; - w%) + 27y, (5)

where w, = \/ e’/ (meeo) is the plasma frequency of the target, and

wo is included to take account of the possibility of using different
color mixtures in the incident laser pulse.

If the plasma density increases linearly from 0 to a maximum of
np over a distance of L, the phase shift is given by

()i (-(2) (0)")
w(-(2) ™)

with Ai(z) being the Airy function and the prime denoting the
derivative. As ng — oo, for both a sharp boundary and a linear

Q¢ = @o + arctan +2mv,  (6)
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ramp, the reflected field acquires an additional phase close to 7, in
accordance with the usual reflection from a perfect mirror.*

Note that both the phase ¢, and amplitude a; of the driving field
can be found by solving Eqs. (1) and (2) together with Eq. (3). Know-
ing the driving vector potential, one can then study the dynamics of
the plasma surface using a simple oscillator model.”® In particular,
a comparison of the model calculations with particle trajectories, as
well as more details, can be found in Refs. 32 and 36.

An illustration of CEP mechanics is given on the right of Fig. 1,
where the plasma dynamics are shown for the case of a normal-
incidence interaction with an intense short laser pulse with ap <« 1
[where ag = eA/mec = IN*/(1.3 x 10"* W cm™ pm?)]. The inset
shows the relativistic case with ag > 10: the waveform exhibits dis-
tortions. This is due to the nonlinear interaction of the relativistic
laser pulse with the plasma, which eventually leads to the emission
of attosecond pulses.

The model shows good agreement with PIC simulations for

“moderate” values of ag $+/mno/n., but, for extremely relativistic
cases (ag > 10), the elementary model presented above cannot be
exact. However, it predicts that the value of the optimal CEP of the
laser pulse for the generation of isolated attosecond pulses under
normal incidence depends on the plasma parameters (peak density
and preplasma length). We shall provide more evidence to support
this claim.

In all the 1D simulations that were carried out, we used a
[10A; x 16T ] computational grid. We discretized space using 316
points per wavelength and time using 416 points per plasma period.
On the spatial axis, an absorbing boundary condition was imposed.
The laser pulse was three-cycle and linearly polarized, wrapped in
a sin® time envelope. The target was located at a distance of 511
from the laser and had a width of 0.5A;. In particular cases, we var-
ied the plasma density, the linear ramp in front of the target, and
the laser amplitude and phase. The exact values are given in the
corresponding discussions in the text and the figures.

A. Sharp plasma-vacuum boundary

PIC simulations show that in the low-intensity regime
(aop < 1), as well as for the subrelativistic case of ag ~ 1, there is a
phase shift between the incident and reflected light, which depends
on the density of the target [Figs. 2(a) and 2(b)]. The superposition
of incident and reflected fields gives rise to a CEP shift of approx-
imately 77/2 relative to the incident pulse for both densities, with
the shift closer to 7/2 for 40n., as predicted by the model. The
density-dependent phase shift for typical target densities is sufficient
to change the pulse shape from the incident cosine to a sine pulse
for the combined incident and reflected fields. Note that negligible
surface denting is present in this case.

Increase of the laser intensity further to the relativistic case
1 < ap < 10 drives oscillations in the plasma-vacuum boundary. This
is the range of all experiments to date. The nonlinear interaction of
the relativistic laser pulse with the plasma leads to the production
of high harmonics and eventually attosecond pulses. To obtain the
fields driving the electrons, the position of the critical density sur-
face, where the incident laser pulse is reflected, has been calculated,
and the incident as well as the reflected field have been obtained at
these positions in space and time [see Fig. 2(c)]. The CEP shift of the
driving fields relative to the incident field is still clearly visible. This
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FIG. 2. (a) Field strength and (b) intensity of incident, reflected, and combined
fields in the nonrelativistic case for two different densities (10n, and 40n;), with
ap = 0.9. (c) Results of PIC simulations with a laser intensity ap = 4 and a sharp
step in density of 40n,. (d) Ultrarelativistic case with ag = 20 and 80n;. The inci-
dent and reflected pulse intensities measured at the critical density surface are
plotted as solid and dashed green lines, respectively. The combined laser pulse
intensity is shown as a solid black line.

behavior remains the same for different intensities and target densi-
ties, as long as the magnitude of the driving field, ap/\/1 + n, stays
approximately the same.

For even higher intensities with ao > 1, the driving field at the
plasma-vacuum boundary is even more distorted. This coincides
with strong oscillations of the plasma surface due to the significant
v x B force of the laser pulse at these intensities. The attosecond
pulses are generated when electrons are accelerated toward the laser
pulse by the electrostatic restoring force (when the momentum p,
toward the laser pulse achieves its maximum and the momentum
p,=0)."" The reflected field is also highly distorted and enhanced
with first harmonics. Although the exact value of the phase shift for
a highly distorted pulse is hard to grasp, the basic idea is still visible
in Fig. 2(d): the field driving the surface is phase-shifted with respect
to the incoming laser pulse.

To check the validity of Egs. (3)-(6) and to clearly demonstrate
the existence of the density-dependent phase shift, we turn to the lin-
ear regime, setting ag << 1. The easiest way is to measure the phase
of the reflected wave by performing a fast Fourier transform of the
data from PIC simulations and comparing it. As we will see later, the
phase shift depends on the (relativistically corrected) plasma density
through the analytical result in Eq. (4). It is known that in the limit-
ing case of very large values of plasma density (approaching infinity),
the resulting phase shift approaches 7. For a finite plasma density,
the reflected wave phase shift will differ from 7 depending on the
plasma density or, in other words, on the surface impedance.”

The dependence of the reflected light phase shift Ap, = ¢, — ¢,
on plasma density is demonstrated in Fig. 3. The green circles repre-
sent results obtained by taking the FFT of the reflected field from the
one-dimensional PIC simulations for the laser pulse with a9 = 0.01,
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FIG. 3. Dependence of the phase shift of the reflected radiation with respect to the
incoming radiation (Ag = ¢, — ¢,) on the plasma density for different values of
ao. Curves are given by Eq. (5). For a > 1, the relativistically corrected plasma den-
sity from Eq. (7) is utilized. Smaller and more lightly shaded markers correspond
to the cases where the relativistic pulse breaks the too-thin plasma mirror.

and the green solid curve is given by Eq. (5). The analytical and
numerical results are in perfect agreement.

Next, PIC simulations were performed for ap = 1 (the black
crosses in Fig. 3). These are very close to the linear case, since the
changes in electron mass and density are small. However, to fit the
simulation results, we have found that the relativistic correction to
the plasma density,

no,rel = LZ (7)

1+ 5

works well (the solid black curve in Fig. 3). To the left of each line
on the figure is the area where the target is relativistically transpar-
ent and the model breaks down. Such cases are denoted by more
lightly shaded and smaller markers to avoid distraction from the
main trend. The markers denote the results of PIC simulations, while
the solid lines are obtained from Eqs. (5) and (7). The predictions of
the model are consistent with the results of PIC simulations, apart
from a small offset that grows with increasing laser intensity, from
around 0.15 radians at ag = 10 to around 0.25 radians at g = 40. This
offset is a result of the increasing longitudinal motion of the plasma
surface, which adds both a change in the arrival time of the incident
pulse at the surface and a Doppler shift to the reflected pulse.

B. Linear plasma ramp

In the case of a linear preplasma growing from 0 to ng over a
scale length L, the density-dependent phase shift of the wave driving
the oscillations is given by Eq. (6). We can perform a similar analysis
to that above to validate this equation.

The dependence of the phase difference of the reflected wave
@, with respect to the initial CEP ¢, on the preplasma coefficient
no/L) is presented in Fig. 4. Here, the presence of L) means that the
coefficient is measured in terms of the laser wavelength. In these and
subsequent figures, changing the preplasma coefficient is predomi-
nantly done by altering the scale length. However, throughout this
paper, there are also corresponding changes in 7. Such cases will be
indicated by stating the value of 7ny. Agreement between model and
simulations is generally good and clearly demonstrates the depen-
dence of the phase shift on plasma parameters with values close to 7
for high values of n9/L). The accuracy is only fair, however, for the
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FIG. 4. Dependence of the phase shift of the reflected radiation with respect to the
incoming radiation (A¢ = ¢, — ¢,) on the value of ny/L, for different values of
ag. Results for ay = 0.1 are shown in green and those for a; = 1 in black. Curves
are given by Eq. (6). For ap = 1, the relativistically corrected plasma density from
Eq. (7) was used. Circles and crosses are the results of 1D PIC simulations.

9,4(

case of low n9/Ly, when the preplasma tends to steepen’”"’ and the
analytical model cannot be applied to its full extent. Still, in the area
of experimental interest (19/Ly > 1000), the model fits quite well.

PIC simulations were now run to calculate the reflected wave
phase shift with respect to the CEP for different preplasma scale
lengths at high laser intensities. The results are presented in Fig. 5.
For the areas of experimental interest, the results of the simulations
correspond well to the analytical findings.

Let us note that for all cases of high values of ny for the sharp
boundary and high values of ng/L for the linear preplasma, the
field driving the surface ¢, is approximately /2 phase-shifted with
respect to the initial laser pulse.

In real interactions, the density ramp is closer to an exponential
profile. However, our conclusions obtained for the linear preplasma
are also valid for the exponential variant. PIC simulations show sim-
ilar results for linear and exponential ramps. The scale length at
which the density grows from 0 to ng is the main parameter that
affects the phase shift behavior in both cases.

Phase shift, radians
o

100 101 102 103
nolLx

FIG. 5. Dependence of the phase shift of the reflected radiation with respect to
the incoming radiation (A = ¢, — ¢,) on the value of ny/L, for different values
of a. Results for ag = 10 are shown by the red curve and triangles, those for
ap = 20 by the brown curve and squares, and those for ay = 40 by the blue curve
and diamonds. The curves are given by Eq. (6), using the relativistically corrected
plasma density from Eq. (7), and the markers with the corresponding colors are
the results of 1D PIC simulations.
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I1l. CONSEQUENCES FOR ATTOSECOND PULSE
GENERATION

In this section, we examine the effects of the density-dependent
phase shift described above on the generation of attosecond pulses
using few-cycle laser pulses. We examine two generation mecha-
nisms: the relativistically oscillating mirror (ROM)*’ and coherent
synchrotron emission (CSE)*” in transmission. The CEP plays a cru-
cial role in the generation of isolated attosecond pulses. Both the
ROM and CSE mechanisms under normal incidence are driven by
superposition of the incoming and reflected waves.

For the quasi-linear case of the ROM (where ao $ \/n), the
motion of the surface can be described quite well by a simple
oscillator model.*® For stronger drivers, the surface is a highly non-
linear oscillator.*! However, for a single strong back-swing, which is
required for the generation of a single attosecond pulse, the driving
electric field has to be a cosine-like ultrashort pulse according to our
PIC simulations.

The CSE mechanism relies on the electron nanobunch formed
on the front surface of the plasma target. This nanobunch loses
its transverse momentum within the plasma skin depth and hence
radiates synchrotron emission in the forward direction through the
plasma target.’” In this case, the plasma target itself serves as a
low-cut filter. To drive the single nanobunch required for a single
attosecond pulse, the driving electric field also has to be a cosine-
like short pulse. Owing to the phase shift, the optimal CEP phase for
the generation of a single attosecond pulse depends on the plasma
conditions and is not unique. Therefore, it has to be chosen correctly.

A. ROM and CSE PIC simulations

Examples of simulations are presented in Fig. 6. In Fig. 6(a),
one can see that by way of the ROM mechanism, a “sine” pulse leads
to a single reflected attosecond pulse (i.e., the contrast of the main
pulse is more than about five times larger than the satellites), whereas
a “cosine” pulse leads to a doublet of reflected attosecond pulses.
Exactly the same effect can be observed in transmission [Fig. 6(b)].%*
This is because the transmitted XUV pulses are still generated at the
surface of the plasma, through the same surface interaction as the
reflected XUV pulses, and not in the plasma bulk. Note that no filters
were applied to the transmitted pulses—the filtering is done by the
target itself. 1D and 2D PIC simulations gave us similar results, and
therefore to avoid an excessive number of figures, we only showcase
the 2D results in Fig. 6.

Figure 7(a) demonstrates attosecond pulses generated for dif-
ferent CEPs of the laser pulse for a case with ag = 20, a three-cycle
duration of the sin* envelope, and a step-like plasma profile with
peak density no = 400. Reflected light was filtered, cutting down
frequencies below the tenth harmonic. The color-coded picture
shows the instantaneous attosecond pulse intensity. Four lineouts
are demonstrated: one at CEP ¢, = /2 (white) corresponding to the
initial “sine” pulse, one at CEP ¢, = 0 (red) corresponding to the
initial “cosine” pulse, one at ¢, = 77/4, and one at ¢, = 377/4. Empir-
ically, we find that for a sharp density profile and high values of the
density no, a “sine” pulse is optimal for the generation of a single
attosecond pulse. This is due to the predicted phase shift—the driv-
ing field on the surface of the plasma has to be “cosine,” which means
that initially one has to shoot a “sine” pulse that will be “converted”
to a “cosine” pulse. This is different from the case of gas harmonics.
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FIG. 6. (a) Attosecond XUV pulses generated by a three-cycle incident pulse with
ap = 20 normally incident on a step-like target with ne = 80n;. For the ROM, the
reflected XUV pulses have been filtered from the 10th to the 30th harmonic. A
single XUV pulse is generated only in the case of the sine incident pulse. (b)
Generation of attosecond pulse in transmission. Similar to the case of reflection,
a sine-shaped incident pulse generates a single XUV pulse in transmission. A
cosine-shaped incident pulse generates two distinct transmitted pulses. No filter
has been applied to the transmitted pulses.

In the case of a linear density ramp, the optimal CEP value
is defined by the best contrast between the main pulse, the pre-
pulse and the trailing pulse to achieve optimal isolation of the single
attosecond pulse. For preplasma scale lengths of A1 /10, the reflected
XUV pulse structure is shown for different CEP values in Fig. 7(b).
The target density is ne = 400n,, and ao = 20. Incidentally, larger
scale length simulations show that cosine laser pulses might again be
better. For preplasma coefficients n/Ly as low as 16, this can already
be noticed. It is also seen in the plot for a¢ = 20 in Fig. 5.

In all simulated cases, ¢ = /2 (“sine”) is better than ¢ =0
(“cosine”). However, generally speaking, the CEP of the laser pulse
has to be chosen carefully according to the plasma parameters.

B. 2D PIC

We also conducted 2D PIC simulations of CEP dependence on
the attosecond pulse generation with the PIC code SMILEL** The
calculations were performed on a [10A; x 301, x 20T ] computa-
tional grid. We discretized with [400 x 20] points per wavelength
in space axes with imposed Silver-Miiller boundary conditions and
800 points per plasma period in the time axis. We used a sharp
plasma-vacuum boundary setting and an ultra-relativistic scenario:
a three-cycle linearly polarized pulse with a¢ = 20, normally inci-
dent, wrapped in a sin” time envelope, and aimed at a step-like target
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FIG. 7. (a) Dependence of the intensity of the reflected ROM attosecond pulses
on time measured in cycles and CEP phase ¢, of the incoming laser pulse
(color-coded image). Colored curves outline the intensity of the attosecond pulses
(harmonics with numbers >10) for four different values of ¢,. The laser pulse has
ap = 20, a duration of three cycles, and ne = 400n.. (b) The same, but in the case
when a linear preplasma with length A, /10 is added to the target.

with n, = 80n,. The target was located at a distance 51, from the laser
and had a width of 0.51;. The laser was focused right at the middle
of the target (x' /AL = 5,y' /AL = 15) and had a waist = 10A;.

Figure 8 shows the reflections of incident “cosine” and “sine”
pulses from the ROM and pulses in transmission as a result of
the CSE mechanism. The simulation confirms that the “sine” laser
pulse generates a single-peak intensity attosecond pulse, whereas the
“cosine” laser pulse generates a train of two attosecond pulses for
both cases. One can see the reflected pulses [Fig. 6(a)] and the pulses
in transmission [Fig. 6(b)] detected on the laser axis (at y' /AL = 15).
In both cases, one sees distinct single-peak and two-peak pulses
generated from “sine” and “cosine” pulses, respectively.
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FIG. 8. Intensity of reflected pulses and pulses in transmission in 2D, showing
that the result is independent of the simulation code and the dimensionality. (a)
corresponds to the reflected pulse and CSE pulse of the incident “sine” pulse,
and (b) corresponds to the reflected pulse and CSE pulse of the incident “cosine”
pulse. Incident pulses had an amplitude of ay = 20, and the target density in all
cases was ne = 80nc.

IV. CONCLUSION

We have shown analytically and with the help of PIC sim-
ulations that in the case of a high-density step profile, one can
easily find the ideal CEP (“sine” pulses are better than “cosine” in
normal incidence). However, when the density is reduced, or the
plasma scale length increased, it becomes more complicated, since
the phase of the reflected pulse varies accordingly. Then, the ideal
CEP is no longer trivial. When compared with harmonic generation
from gaseous media, the behavior is counterintuitive, in that a so-
called sine-shaped incident laser pulse with two intensity maxima of
equal strength produces a single attosecond pulse from a step-like
overdense plasma target.

The reason for this behavior across all intensity regimes is a
phase shift between the incident laser pulse and the electromagnetic
field driving the motion of the surface electrons, with higher-order
effects coming into play at the highest intensities. This phase shift
depends on the density of the plasma target and the length of the pre-
plasma. Thus, the conditions for generating the brightest attosecond
XUV pulse, namely, a high transverse momentum of the electrons
and a high velocity antiparallel to the incident pulse, are only met
once during the interaction, despite the incident pulse exhibiting two
peaks of equal intensity.

For a plasma target with preplasma, a parameter scan using 1D
PIC simulations has been used to determine the optimal CEP for
a given preplasma length, showing complex interplay between the
plasma oscillations and the driving laser. Our results demonstrate
that both the CEP and the plasma density distribution have to be

RESEARCH ARTICLE pubs.aip.org/aip/mre

carefully taken into account in experiments on generation of single
attosecond pulses from surface HHG.
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