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Production of intense attosecond vector beam pulse trains
based on harmonics*
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We provide the first report on the harmonics generated by an intense femtosecond vector beam that is normally incident
on a solid target. By using 2D particle-in-cell (PIC) codes, we observe the third and the fifth harmonic signals with the same
vector structure as the driving beam, and obtain an attosecond vector beam pulse train. We also show that the conversion
efficiencies of the third and the fifth harmonics reach their maxima for a plasma density of four times the critical density
due to the plasma resonating with the driving force. This method provides a new means of generating intense extreme
ultraviolet (XUV) vector beams via ultra-intense laser-driven harmonics.
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1. Introduction

Recently, the strong-field singular beam!! has attracted
increasing attention owing to its wide potential applications.
More specifically, it could potentially be used in the ac-

[2-71 positrons,® and protons,*1%!

celeration of electrons,
and the generation of high-energy twisted photons us-
ing high harmonic generation in rare gases,!'>!*l Compton

15-17] and undulator radiation.'®1° The typ-

backscattering, [
ical singular beams include the optical vortex beam with heli-
cal phase distribution!**! and the cylindrical polarized vector
beam (VB).!?!l The radially polarized beam (RPB) and the az-
imuthally polarized beam (APB) are two typical VBs. Shi et
al.”??) proposed the design of a relativistic laser pulse interact-
ing with a spiral-shaped thin foil target and created an ultra-
intense optical vortex. We found!??! that the ultra-intense op-
tical vortex possess the evident high-order odd harmonics with
high-order TC. Zhang et al.!**! proposed the use of a linearly
polarized Laguerre—Gaussian (LG) laser pulse with a helical
phase structure to irradiate a solid foil, and obtained intense
high-order optical vortices. However, harmonic generation us-
ing ultra-intense VB interacting with targets has not been re-
ported.

In this paper, we propose a method for producing ultra-
short, intense, ultraviolet VBs by using a VB laser pulse nor-
mally incident on a solid target without a damage threshold.
We obtain the evident third and fifth VB harmonics, and find
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that the harmonics have the same vector structure as the driv-
ing beam. By filtering the fundamental component of the driv-
ing beam, we obtain an attosecond VB pulse train.

2. Simulation results and discussion

The typical VB with the same amplitude distribution as
the LGy (Laguerre—Gaussian mode) can be expressed as
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In the above equations, C is a constant for normalization, A is
the vector potential, ¢ is the speed of light in a vacuum, e is
the charge of the electron, m. is the mass of the electron, x is
the laser propagation direction, and (r, ¢) are the polar coor-
dinates in the y—z plane, wherein ¢ takes on values from O to
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2x. The 6 is a constant, for which 8 = 0 corresponds to an
RPB and 6 = /2 corresponds to an APB. The Ay is the laser
wavelength, k is the wave number, @y is the laser frequency,
wo is the beam waist, f is the Rayleigh length, R(x) is the ra-
dius of curvature of the wavefronts, {(x) is the Gouy phase of
the beam, and 1y is the laser pulse width.

Figures 1(a) and 1(b) show the schematic diagrams of
two typical VBs with cylindrically symmetric polarization: an
APB and an RPB, respectively. The arrows in Figs. 1(a) and
1(b) represent the directions of polarization. From Figs. 1(a)
and 1(b), we can see the APB and RPB are local linearly po-
larized. For one fixed VB, the sectional views are identical.
It is therefore feasible to study a VB that is normally inci-
dent on a solid target in a 2D plane. However, in the case of
oblique incidence, 2D simulations seem to be insufficient for
fully characterizing the asymmetrical sectional view.

We carried out simulations using 2D particle-in-cell (PIC)
codes KLAPS (kinetic laser plasma simulation). [25] In the sim-
ulation, the intensity distribution expressed by Eq. (1) was
used. At first, we took the APB (0 = 7/2) with the param-
eters agp = 1, t9p = 10T (where T is the laser period), and
wo = 10 um to irradiate a solid target with a density of n = 4nc
(where nc = 1.74 x 10*' ¢cm™3 is the critical plasma density
for A0 = 0.8 um). A 4-pum-thick solid target was adopted.
Figure 1(c) shows the s-polarized electric field E, of the APB
in the x—y plane. The upper and lower parts in Fig. 1(c) corre-
spond to ¢ = 0 and ¢ = 7, respectively.
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Fig. 1. (color online) Schematic diagrams of (a) an azimuthally polar-
ized beam and (b) a radially polarized beam. (c) The electric field E; of
the APB in the x—y plane.

From the simulation results, we find that the reflected
field F(¢) is s-polarized, it means that the local reflected field
has the same polarization state as the local linearly polarized
driving beam in the case of normal incidence.?®! We then cal-
culate the corresponding spectral distribution of the reflected

field F(t).

tude and phase distributions of the reflected field, respectively.

Figures 2(a) and 2(b) show the spectral ampli-

From Fig. 2(a), we can clearly see the third and the fifth har-
monics. From Fig. 2(b), we can see that the upper and lower
parts of the fundamental, the third, and the fifth harmonics
have the opposite phases with respect to each other, which in-
dicates that the third and the fifth harmonics would have the
same vector structure as the driving beam. Here we do not
take the seventh harmonic into consideration because it is very
weak. At the plasma density n = 4nc, there exists a weak sig-
nal of even harmonics, which can be explained by the plasma
resonating with the frequency of the driving force (laser pon-
deromotive force). %! There are no even harmonics signals for
other plasma densities. The strong modulation of the funda-
mental signal results from the interference of the incident laser
with the reflected laser, because we set the record plane near
the target surface. For obtaining the accurate phase informa-
tion of the spectrum, we correct the Fourier transform of F ()
with an additional phase factor. The unknown zero time re-
sults in the modulated phase spectrum of the third and the fifth

harmonics.

For comparison, without changing the laser intensity dis-
tribution and other parameters, we use the hollow beam with
the same polarization and the same phase normally incident on
the solid target. Figure 2(c) shows the corresponding spectral
phase distribution of the reflected field, from which we can see
that the upper and lower parts have the same phase. The simu-
lation results therefore demonstrate that the third and the fifth
harmonics maintain the same vector structure as the driving

beam.

The odd harmonics can be well explained by the reflec-
tion from the “oscillating mirror”?®27! driven by the laser
ponderomotive force. This is because the ponderomotive force
of the linearly polarized laser has a double-laser-frequency os-
cillation component. For the purpose of comparison, we also
simulate the case of the circularly polarized beam; in this case,
no harmonics are found because the ponderomotive force is

quasi-steady.

By removing the component of the fundamental fre-
quency from the reflected field, we obtain an attosecond APB
pulse train mainly composed of the third and the fifth APB har-
monics. Figures 3(a) and 3(b) represent 2D and 1D intensity
distributions of the APB train, respectively. From Fig. 3(b),
we measure the temporal period of the adjacent APB pulses to
be about 400 as.
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increases much faster than that of the third harmonic.
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Fig. 3. (color online) (a) The 2D and (b) 1D intensity distributions of
the attosecond pulse train obtained in the simulation, where in ag = 1,
to = 10T, wo = 10 um, and n = 4nc.
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Fig. 2. (color online) (a) The spectral amplitude distribution and (b)
the phase distribution of the reflected light using an APB as the driving
beam. (c) The spectral phase distribution of the reflected light with the
upper and lower parts of the driving beam at the same phase.

We study the conversion efficiencies of the third and the
fifth harmonics by changing the plasma density n. From
Fig. 4(a), we can see that both the third and the fifth harmon-
ics have maximum conversion efficiencies at n = 4nc. For
the plasma density n = 4nc, the plasma oscillates with the
frequency of the driving force. The resonance will result in
the maximum conversion efficiency.?®! More specifically, at
n = 4nc, the third and the fifth harmonics have conversion ef-

ficiencies of 4.65% and 0.27%, respectively.
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We then study the dependence of the conversion effi-
ciency on the laser intensity ag. Figure 4(b) shows that the
conversion efficiency increases as the laser intensity increases.
At ag = 5, the third and the fifth harmonics have conversion
efficiencies of 7.45% and 0.96%, respectively. As the laser in-
tensity ag increases, the fifth harmonic conversion efficiency

Fig. 4. (color online) The dependences of the conversion efficiencies of
the third and the fifth harmonics on (a) the plasma density and (b) the
laser intensity.

This simple method can be extended to generate other
high-order harmonics with a specific polarization structure.
In fact, we can also obtain similar results by irradiating solid
targets with other ultra-intense singular beams. For example,
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when we use the typical RPB as the driving beam, the gen-
erated odd harmonics are also radially polarized. This selec-
tion rule for the polarization state of the generated harmon-
ics, established for the conventional linearly polarized laser
fields,?°! also holds for the vector beams with a spatial po-
larization modulation. On the other hand, for the normally
incident vortex driving beam, our method can also be used to
generate vortex harmonics with an odd topological charge due
to the 2D PIC code restriction. When using the 3D PIC codes,
our method can also be used for normally incident vortex driv-
ing beams with an even topological charge. That is to say, the
high-order vortex harmonics will have the same helical wave-

front structure as the driving field.

3. Conclusion

We have proposed the production of an intense attosecond
VB train by normally irradiating a solid target with a VB driv-
ing pulse. The produced attosecond VB train, which is mainly
composed of the third and the fifth harmonics, has the same
vector structure as the driving pulse. Using 2D PIC simula-
tions, we find that the conversion efficiencies of the third and
the fifth harmonics reach their maxima at n = 4nc when the
plasma resonates with the ponderomotive force. This method
can also be applied to normally incident vortex driving beams.
The realization of ultra-intense few-cycle radially polarized
laser pulses!?®! provides us with a new means of producing in-
tense VBs in the extreme ultraviolet (XUV) range, and the VB
has a stronger axial electric field under the sharper focus, *’!
which may be used in fields such as electron acceleration with
low divergence angle, nonlinear optics in the XUV region and
laser-plasma diagnostics.
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