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ABSTRACT

Irradiation of a thin metallic wire with an intense femtosecond laser pulse creates a strong discharge wave that travels as a narrow pulse along
the wire surface. This traveling discharge efficiently emits secondary radiation with spectral characteristics that are mostly defined by the wire
geometry. Several examples of designs are considered here in the context of generation of intense terahertz radiation with controllable char-
acteristics for various scientific and technological applications. The proposed setup may be easily realized, and it has the merits of robustness,
versatility, and high conversion efficiency (reaching several percent) of laser energy to terahertz radiation.

© 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/10.1063/5.0142083

I. INTRODUCTION

Much research in recent years has been devoted to the devel-
opment of technology for generating terahertz (THz) radiation, i.e.,
electromagnetic radiation with frequencies between 100 GHz and
10-30 THz." The ever-increasing attention paid to this topic stems
from numerous possible applications of THz radiation in both fun-
damental science and technology. Many of these applications belong
to biological and medical science, which is not surprising consider-
ing the unique properties of THz waves. Unlike x-rays, they do not
cause harm to biological tissues, since THz frequencies are too low to
ionize biomolecules, and, at the same time, many vibrational, rota-
tional, and oscillating molecular degrees of freedom are excited in
the THz range. These factors, along with its lower scattering loss
in biological tissues in comparison with infrared or visible light,
make THz radiation an ideal candidate for medical imaging and
spectroscopy of biological objects.”” One area of particular inter-
est here is cancer detection and treatment with THz radiation.” "
In this case, THz waves may be used to detect and manipulate
a molecular resonance of cancer DNA, which can be observed at
about 1.65 THz and occurs due to chemical and structural alter-
ations that biomolecules undergo in cancer cells."” " THz imaging
can also be applied more widely, for example, in security-related

applications.®'” Owing to the high penetration of THz radiation

into dry, nonmetallic, and nonpolar materials, it can be used to
image individual internal regions where the absorption is high, such
as areas with water content,'® or it can help to identify the distri-
bution of defects in materials with low absorption, such as foams."”
Another potential field of application for THz radiation is related
to the study and manipulation of material properties. In contrast
to visible light, its photons do not carry excessive energy, allowing
for the direct coupling into excitation states of interest and open-
ing pathways for a vast range of perspective studies.”’ Finally, it is
worth mentioning the possibility of using THz radiation for increas-
ing the bandwidth of wireless communications systems, enabling
faster transmission of a larger amount of data.”"” All these appli-
cations require a certain amount of spectral control, and many of
them demand high intensity levels.

Various techniques for generating THz radiation have been
developed. Among these are photoconductive antennas, optical
rectification, and laser—plasma interaction schemes, as well as a
number of methods based on topological insulators, spintronic
materials, and metasurfaces.”” In the context of high achievable
intensities, methods involving relativistic laser-produced plasmas
may be preferable, since the output from laser plasmas does not
experience saturation up to very high intensities and there is no
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risk of damaging the active radiating medium.”* One of the widely
considered approaches to generate powerful THz radiation has
been developed in a number of recent numerical and experimental
studies” ** and uses straight laser-driven metallic wires. With these,
fast laser-accelerated electrons perform collective motion leading
to a coherent emission of electromagnetic waves. However, the
creation of fast electrons with a short laser pulse also results in
a fast, powerful, and compact discharge current,” *° which may
appear to be even more suitable for THz emission, being under
some conditions more strong and coherent, as in the case discussed
in Ref. 37, where the resulting magnetic field was determined by
the discharge current rather than the current of accelerated elec-
trons. In this work, we show that modification of the wire geometry
by shaping it as a curved periodic structure presents wide pos-
sibilities for control of the generated radiation emitted by such
discharge pulses. Some benefits of using discharge pulses in this
context were recently discussed in Ref. 35 for the case of a coil-
shaped wire. However, in that case, certain specific conditions are
needed to achieve a high efficiency, which may cause practical diffi-
culties. In the present work, it is shown that the use of an extended
undulatory wire as a THz antenna possesses both robustness and
simplicity, provides excellent control, and allows for the generation
of very high intensity THz radiation with very high efficiency. We
demonstrate this, considering three types of wire profiles, namely,
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FIG. 1. Sketch of the proposed targets: “sine” wire (top), ‘triangle” wire
(middle), and “square” wire (bottom). The targets are irradiated at the open end
by an intense femtosecond laser pulse. The general propagation direction of the
laser-induced discharge pulse is shown by black arrows: it propagates from the
irradiated end of the wire to the opposite one along the wire surface.
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sinusoidal (hereinafter simply “sine”), triangle-shaped, and square-
shaped (hereinafter simply “triangle” and “square,” respectively) tar-
gets, irradiated by an intense femtosecond pulse on one of the open
ends; see Fig. 1.

Il. DISCHARGE PULSE FORMATION AND SCALINGS

The amplitude of the discharge pulse and its duration depend
on the laser pulse parameters. For this setup, short laser pulses are
required, i.e., those with a duration 7 that is short compared with
L/c (see the related discussion in Ref. 38), where c is the velocity of
light and L is a characteristic size of the target (e.g., its length). As is
demonstrated below, the expected discharge pulse duration is sim-
ilar to the laser pulse duration, and the discharge pulse intensity is
proportional to the laser pulse intensity, assuming the interaction
conditions to be the same. To obtain a more detailed description
of the process of discharge pulse formation, it was studied numeri-
cally with the particle-in-cell (PIC) code Smilei.”” Simulations were
performed in a reduced 2D setup with a simple straight wire target.
This simple setup allows the process of the discharge pulse forma-
tion and propagation to be studied for various parameters of the
laser driver. For all the simulations that were performed, the tar-
get presented a 40 x 1 um? rectangle positioned at the center of the
48.7 x 12.2 ym® simulation box, which contained 3072 x 768 cells.
The size of one cell in both dimensions was ~15.9 nm, with ten par-
ticles of each kind per cell, and the time resolution was 1.8 x 1072 fs.
The target consisted of ions with atomic number Z = 79, which cor-
responds to gold, with mass M = 5 x 10°m,, where m,, is the mass of
a proton. Although the ions would not noticeably move on the time
scale considered, their mass was increased to provide qualitatively
the same ion dynamics as in the case of a target of more realistic
size about five to ten times greater than the size of the target in this
parametric study. The density of ions at the start of the simulation
was set to n; = 5.9 x 10?2 cm >, which is the solid-state ion density
for gold. Initially, the degree of ionization of the target as well as
its electron density were set to zero, and the field ionization model
implemented in Smilei was employed to calculate the values of the
aforementioned parameters on each step. The laser pulse was intro-
duced into the simulation box from the lower edge of the box and
irradiated the target at an angle of 45° to its surface. This angle was
chosen for better absorption of the laser energy as the laser pulse
propagated some distance along the target together with the induced
discharge wave. Three different laser pulse durations were consid-
ered: 1y, = [12.5,25,50] fs, with the given values corresponding to
the full width at half maximum (FWHM) size of the temporal pro-
file. For each duration, five different values of maximum intensity in
focus were taken: Imax = [2 % 10%,10%,10%, 102, 1023] W/em?.

The results of one of the performed simulations (with

max = 1022 W/em? and 71, = 125 fs) are presented in
Figs. 2(al)-2(a4). From the plots of the B; component of the
electromagnetic field, one can see that the laser irradiates the wire
on the left end; see Fig. 2(al). The laser pulse is then partially
reflected and partially absorbed by the target; see Fig. 2(a2). A
substantial part of the laser energy is converted into the energy of
a discharge pulse that continues to propagate autonomously along
the wire to the right, in the direction of its opposite end, even when
most of the laser pulse leaves the simulation box; see Figs. 2(a3) and
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2(a4). The excited discharge wave is monopolar, which is consistent discharge current pulse and its duration at FWHM 74, depend on

with the results obtained in other works; see, e.g., Refs. 32, 34, and the parameters of the laser driver. The results of the parametric scan
40. For the ultrashort laser drivers considered in this study, the that was performed are summarized in Figs. 2(b) and 2(c).
wave is localized well on the scale of the wire, i.e., it has the form As can be seen in Fig. 2(b), the dependence of the amplitude of

of a distinct short electromagnetic pulse. The amplitude of the the discharge current ] for all the laser durations considered appears
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FIG. 2. (a1)—(a4) Results of 2D PIC simulation for a straight wire target irradiated by a laser pulse with maximum intensity /max = 102 W/cm? and FWHM duration
Tias. = 12.5 fs: B, component of the electromagnetic field at moments of time 27, 54, 81, and 135 fs, respectively. (b) Dependence of the amplitude of the total electric
current flowing through the wire cross-section at x ~ 30 um on the maximum laser intensity at the focal spot; the data for different laser pulse durations are shown by
markers of different colors. The points appear to closely follow the power laws represented by solid lines. (c) Dependence of the duration of the discharge pulse at FWHM
on the laser duration at FWHM for various intensities of the laser driver, shown by markers of different colors. The points appear to closely follow the linear dependence

represented by the black solid line. (d) Evolution of the current profile as it propagates along the wire. The dashed line shows an approximation by the sum of two exponential
functions.

Matter Radiat. Extremes 8, 044401 (2023); doi: 10.1063/5.0142083 8, 044401-3
© Author(s) 2023


https://pubs.aip.org/aip/mre

Matter and

Radiation at Extremes

to closely follow the power-law dependence Jo ~ (I )*, with
k ~ 0.6 £ 0.05. In the simplest consideration, the expected value of
k is 0.5, since the magnetic and electric field amplitudes depend lin-
early on the current and are proportional to the squares of the mag-
netic and electric field energy densities, which in turn are directly
proportional to the laser energy and consequently its intensity. The
result obtained here, however, suggests that the laser-to-discharge-
pulse conversion efficiency is somewhat higher than expected, which
can be explained by the reduced effects of processes of dissipa-
tion such as ionization at high laser intensities. Comparison of the
results for different laser pulse durations also shows that the current
amplitude increases with increasing laser duration, although the dif-
ferences are more pronounced at low intensities. This behavior may
be attributed to the higher laser energy delivered to the target when
the laser pulse duration increases with its intensity remaining con-
stant. As Fig. 2(c) shows, the duration of the discharge pulse depends
almost linearly on the duration of the laser pulse, implying that the
former can be directly controlled by adjusting the latter. The prop-
agation velocity of the discharge pulse in the range of parameters
considered shows no dependence on the intensity or the laser driver
duration and is ~0.97¢-0.98c.

Another important question is the evolution of the discharge
current during its propagation along the extended wire targets. To
estimate the effects of dispersion and energy dissipation, an addi-
tional simulation for a long straight wire target of length ~500 ym
was performed, with the other parameters being the same as before.
A laser pulse with an intensity of ~4 x 10>' W/cm? and a duration
at FWHM of ~25 fs was focused at an angle of 45° to the target
surface into a focal spot of diameter 4 ym. The extracted electric cur-
rent profiles at different moments of time are presented in Fig. 2(d).
The discharge current pulse has an initial sharp rise, which is sim-
ilar to the temporal shape of the intensity envelope of the laser
pulse, and a somewhat longer trailing edge with a pronounced tail
that resembles a Lorentzian function. This shape is preserved well
as the current pulse propagates to the right along the wire. The
results obtained indicate that dispersion does not play a significant
role at propagation distances of ~500 ym, whereas energy dissipa-
tion is noticeable. The decay of the current amplitude may be fitted
with a sum of two exponential functions with different characteris-
tic decay scales. In the first stage, after formation of the discharge
pulse at x = 0 ym, the amplitude decreases rapidly with a charac-
teristic decay scale of ~30 ym, but, later, the decay rate reduces to
that of a characteristic scale of ~250 ym. For some targets, such
as the examples considered here, the latter value is of the same
order as the target period, defining the radiation spectra. In this
situation, the energy dissipation may result in the imposition of a
slowly varying envelope on the emitted electromagnetic field pro-
files and the addition of corresponding frequencies to the spectra;
see Fig. 5(a) below.

It should be noted that in at least one detailed experimental
study of discharge propagation,” although this was performed for
longer laser pulses of ~500 fs and higher energies of ~50 J, no notice-
able dissipation was reported on the scale of a few millimeters. It
may be expected that the artificially reduced small wire thickness
in the simulations results in stronger absorption of the discharge
pulse energy, since the surface fields in the propagating electro-
magnetic wave scale as ~1/r with the radius of the wire.® For the
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lower discharge pulse absorption anticipated for real-size targets, the
efficiency of the THz radiation generation may considerably
increase, and further theoretical and experimental studies are
necessary to clarify this point.

The numerical modeling performed here indicates that the dis-
charge pulses are formed in a broad range of laser intensities, with
the parameters of the induced discharge pulses being determined
by the parameters of the laser driver, and almost without an ini-
tial width change. As was confirmed in special simulations, for
shaped wires the discharge pulse formation and propagation occur
in the same way as they do for the straight wire targets. However,
in shaped targets, the discharge pulse propagates along the target
following its geometry, and, according to the subsequent analysis
detailed below, when such discharge pulses are propagating along
an extended curved wire, they may radiate powerful THz waves with
properties defined by the wire geometry.

lll. GENERATION OF THZ RADIATION
IN UNDULATING WIRE TARGETS

Consider the emission of radiation for a discharge pulse propa-
gating along a given shaped wire. First, to illustrate the great variety
and geometrical control of the generated radiation, three types of
targets were considered in the numerical simulations: “sine” (Fig. 1,
top), “triangle” (Fig. 1, middle), and “square” (Fig. 1, bottom). The
electric current had the longitudinal spatial profile obtained in the
simulations described in Sec. II, with a sharply rising front and
a trailing edge with a pronounced tail [see Fig. 2(d)], but with-
out dissipation being taken into account, since, on the one hand,
this question needs clarification as discussed above, and, on the
other hand, it would hinder understanding of the profiles, which
are shown in arbitrary units. This current pulse was spatially shaped
and propagated along the wire of given geometry. The current was
considered to be uniform in the transverse cross-section of the wire.
Although the results of the simulations with plasma [see Fig. 2(a)]
show that the fields do not penetrate into the wire, and so the cur-
rents flow on the surface, we verified that this simplification does not
change the emitted field profiles far from the wire in the wave zone,
on a spatial scale where the current distribution is not important
provided its localization is smaller than the radiation wavelength.
The amplitudes of the fields excited by the propagating discharge
current depend linearly on its amplitude, and they can then be
rescaled to a given intensity of the laser driver in accordance with
the power law derived from the numerical parametric simulations
in Sec. I1; see Fig. 2(b).

Although in our simulations with straight wire targets, the
propagation velocity appears to be ~0.97¢-0.98¢, there are some
experimental data with lower values down to about 0.8¢; see, e.g.,
Ref. 36. So, we consider the propagation velocity here as a free
parameter, which may only quantitatively change some results; for
all simulations in this section, the propagation velocity was set to
vo = 0.9¢. Radiation was calculated with the Yee 3D Maxwell solver
implemented in Smilei.”” The cell size was 2.5 x 2.5 x 2.5 yum’, which
is adequate in this modeling where small-scale plasma dynam-
ics are not taken into account. The simulation box consisted
of 512x512x512 cells and had dimensions LyxL,xL, of
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1.28 x 1.28 x 1.28 mm”. This is much greater than the characteristic
target size ~100 ym and is sufficient to study electromagnetic waves
emitted from the target in the wave zone.

The “sine” wire target geometry was defined as follows:

{y =Ly/2 + a sin (x/a),

z=1L.[2, )

where x € [0.05,1.23] mm, and a ~ 20 ym defines the characteris-
tic scale of the target and the length of one period of the wire.
The wire had a circular cross-section, 5 ym in diameter. This value
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is a few times greater than that used in the numerical modeling
discussed in Sec. 11, but is still much smaller than the emitted wave-
length, defined mainly by the wire undulation period as shown
below. For thicker targets, which may be more easily manufactured,
the results obtained here remain valid unless the wire thickness
becomes comparable to the undulation period. For even thicker tar-
gets, the problem needs to be reconsidered, but the radiation would
not disappear, since it would not disappear for a semi-infinite target
with an undulating structure on the surface. However, it should be
noted that the wire diameter may play a role if one excites a helical
discharge propagation, which may become possible when the laser

t=3.0ps Byx(au)
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FIG. 3. Electromagnetic fields emitted by the “sine” target with geometry defined by Eq. (1): (a1)-(a4) B, component in the plane of the target, i.e., at z = 0.64 mm, at
moments of time 1.0, 2.0, 3.0, and 4.0 ps, respectively; (b1)-(b4) Bx component in the plane y = 0.64 mm at the same moments of time; (c1)—(c4) B, component in the
plane y = 0.64 mm at the same moments of time. The projections of the target on the considered planes are shown as solid black lines. For clarity of the field profiles, the
energy dissipation of the discharge current pulse is not taken into account in these plots.
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26,27

driver is shorter than the target width™" but is not considered in
the present study.

In the modeling performed here, the discharge current pulse
was initialized at the left tip of the wire and propagated to the right.
Its spatiotemporal profile was taken from a simulation with a straight
wire, irradiated by a laser pulse with duration of 50 fs. The results
obtained, presented in Fig. 3, show that this oscillating discharge
current pulse emits electromagnetic radiation that tears off from the
target. Examples of the far-field patterns, obtained on the side planes
of the simulation box at x = 1.28 mm and z = 1.28 mm, are pre-
sented in Fig. 4. As can be seen, the radiation has an almost regular
periodic nature. As the source moves along the wire, the patterns
in Figs. 4(cl)-4(c4) and 4(d1)-4(d4) gradually shift to the right,
following, with a delay, the emitting current pulse. For distances
greater than the total length of the target, this effect becomes less
pronounced.

We next consider radiation emitted by “triangle” and “square”
targets. The former was defined as follows:
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{y—Ly/2+a1(1 — 2 arccos [0.99 sin (x/az)]/n), 2)

z=1./2,
with a; ~ 39 ym defining the amplitude and a, » 8.5 ym defining the
period. The “square” target was defined as follows:

{y: L,/2 + 2ay arctan[100 sin (x/az)]/m, 3)

z=1./[2,

with a; ~ 27.5 ym defining the amplitude and a, » 8.5 ym defining
the period. All three targets (“sine,” “triangle,” and “square”) have
the same period length 150 ym. The formulas adopted for the tar-
gets allow the sharpness of transitions between different half-periods
to be controlled by changing the factors preceding sin(x/a). Here,
these factors were set to 0.99 and 100 to make transitions smooth
enough from the point of view of technical feasibility aiming at
experimental realization. The distributions of the electromagnetic
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FIG. 4. Electromagnetic fields emitted by the “sine” target with geometry defined by Eq. (1) on the edges of the simulation box: (a1)-(a4) E, component on the edge
x = 1.28 mm at moments of time 4.27, 4.37, 4.47, and 4.57 ps, respectively; (b1)-(b4) B, component on the edge x = 1.28 mm at moments of time 4.27, 4.37, 4.47, and
4.57 ps, respectively; (c1)—(c4) By component on the edge z = 1.28 mm at moments of time 3.4, 4.2, 5.0, and 5.8 ps, respectively; (d1)-(d4) E, component on the edge
z = 1.28 mm at moments of time 3.4, 4.2, 5.0, and 5.8 ps, respectively. For clarity of the field profiles, the energy dissipation of the discharge current pulse is not taken into
account in these plots.
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fields for these two cases are illustrated in Figs. 6(c) and 6(d), and
in Figs. S2 and S3 in the supplementary material. The emitted field
patterns for the “triangle,” and “square” targets are qualitatively
similar to the distributions produced by the current oscillating in
the “sine” wire. A distinct electromagnetic wave is formed as the
current goes along the shaped wires, and it separates from the dis-
charge pulse and propagates independently. For the “triangle” and
“square” targets, the separation between the wave front and the dis-
charge current pulse along the x axis is more pronounced than in
the case of the “sine” wire defined by Eq. (1). This is a consequence
of a lower average propagation velocity along the x axis, since the
former two targets have larger travel paths along the y axis. In addi-
tion, this leads to a less pronounced Doppler shift for the “triangle”
and “square” targets. It should also be noted that the field profiles
become more complex than those for the “sine” target. In particular,
the waveform shifts from sinusoidal to a more irregular form, while
transitions between positive and negative half-periods of the wave
become sharper, reflecting sharper changes in the geometry of the
wire itself.

(a) 'Sine' target #1
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IV. DISCUSSION

For all the targets considered, the induced THz radiation has
an angular distribution with frequency depending on the direction
as a result of a significant Doppler shift due to the high propagation
velocity of the discharge v ~ ¢; see Fig. 5(a), where the power spec-
tral density (PSD) is plotted for three different angular directions.
For 6 =0°, ie., along the x axis, the central frequency that corre-
sponds to the peak PSD is about 7 THz. In the opposite direction,
the wavelength is stretched, and the central frequency decreases to
1 THz. The energy dissipation with a relatively slow temporal scale as
shown in Fig. 2(d) leads to the appearance of a subtle peak in the low-
frequency range 0.1-1 THz indicated by the black arrow in Fig. 5(a);
its frequency corresponds to the characteristic decay scale ~ Tqec..
The emission of an angular sweep through distinct spectral bands
between both extremes in the forward and backward directions is
an outstanding feature of the proposed platform. By collimation to
6 = 90° through the use of an on-axis parabola, a spatial frequency
chirp may be obtained in the resulting THz beam. For this, the
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parabola has to be placed close enough to the wire, at a distance com-
parable to its aperture radius, so that it may capture THz radiation
in a sufficient solid angle over which the spatial chirp is observed. In
practical terms, the spatial chirp can be directly applied in spatially
resolved probing schemes or transformed to a temporal chirp using
dispersive elements such as gratings.

Also of interest is the direction 6=90°. To measure the
spectrum in this direction in the simulations, points with zero
longitudinal field component were selected from the obtained
results; for example, distinct B; = 0 lines [see Figs. 3(c1)-3(c4)] and

transverse field components (e.g., Bx) were measured at these points
to calculate the spectrum along the z-axis direction. The central
frequency of the obtained spectrum is ~1.5 THz, which corre-
sponds roughly to the length of one period of a “sine” of ~150 ym,
although it is somewhat less. For a = 20 ym, the length of one period
of a “sine” is Iy ~ 150 ym, and the expected central frequency is
f =wo/lp = 1.8 THz. The observed slight discrepancy between these
frequencies can be explained by the fact that in the simulations,
the frequency is extracted in the vicinity of the target from the sig-
nal along the cone of the transverse electromagnetic fields; see, for
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FIG. 6. (a1)-(c1) Electromagnetic fields emitted by the “sine” target with geometry defined by Eq. (1): (a1) B, component in the plane of the target, i.e., at z = 0.64 mm,
at 4.0 ps; (b1) Bx component in the plane y = 0.64 mm at the same moment of time; (c1) B, component in the plane y = 0.64 mm at the same moment of time. (a2)-(c2)
The same, but for the “sine” target with geometry defined by Eq. (4). (a3)—(c3) The same, but for the “triangle” target with geometry defined by Eq. (2). (a4)-(c4) The same,
but for the “square” target with geometry defined by Eq. (3). The projections of the targets on the considered planes are shown as solid black lines. For clarity of the field
profiles, the energy dissipation of the discharge current pulse is not taken into account in these plots.
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example, Figs. 3(c1)-3(c4). It should be noted that for the other
targets considered (see Fig. 6), with the same value of Iy but lower
propagation velocity along the x axis and consequently less pro-
nounced source displacement, the main frequency of radiation at
6 =90° closely corresponds to the geometrically defined value of
1.8 THz; see the red curves in Figs. 5(b)-5(d).

For an explicit comparison, another “sine” target with different
ratio of amplitude to period was considered. Its geometry was set as
follows:
y=1Ly/2 +ay sin(x/az), @

z=1Lg/2,

where a; ~ 34 ym defines the amplitude and g, ~ 8.5 ym defines the
period. The overall length of one period along the wire is 150 ym,
the same as for the other targets, but in this case the amplitude-to-
period ratio is four times greater than that for the target defined
by Eq. (1). The immediate consequence of this change is that now
the current needs more time for one oscillation. This results in a
lower average propagation velocity along the x axis, resulting in a less
pronounced Doppler shift. The obtained distributions of electro-
magnetic fields in the plane of the target and the perpendicular plane
are shown in Figs. 6(a2)-6(c2) and in Fig. S1 in the supplementary
material. In addition to the reduced Doppler shift, one can see
that the spatiotemporal profiles of the emitted fields change. Their
spectral characteristics also change dramatically; see Fig. 5(b). For
all the examples of wire geometries considered in this study, the
ratio of the characteristic undulation amplitude to the undulation
period is a1 > a,. In the opposite case, when a; <« a,, the emission
efficiency starts to drop, and the field pattern created around the tar-
get gradually transitions to a single monopolar field bound to the
propagating discharge; see the examples of electromagnetic field dis-
tributions for targets with a; < a, in Fig. S4 of the supplementary
material.

The angular distribution of the radiated power for undulat-
ing wires of different shapes is an interesting topic for discussion.
Compare two different “sine” targets with a; = a, = 20 ym and with
a1 = 34 ym, a; = 8.5 ym. To analyze the angular distribution of the
radiated power, the time-integrated fluence of the Poynting vec-
tor through the edge planes of the simulation box was calculated.
For this, the target, reduced to the three undulating periods, was
located at the center of the simulation box at (x,y,z) = (0,0,0),
the discharge current pulse duration was ~50 fs, and its amplitude
increased linearly from zero to 10° A on the first period, remained
constant at 10° A on the second period, and decreased linearly from
10° A to zero on the third period. The calculated fluence was nor-
malized per value emitted on the second period when the current
amplitude was constant. The results obtained are presented in Fig. 7.
As can be seen from Fig. 7(a), the target with a; = 20 ym, a = 20 ym
mostly emits in the forward direction, as a consequence of the high
average propagation velocity along the x axis. For the sideward and
backward directions, the effective intensity of THz radiation appears
to be much less. For the other target, with a; = 34 ym, a, = 8.5 ym,
the directional patterns of the radiation change substantially. The
energy is now redistributed over other edges of the simulation box,
and a high fluence can be observed on both the side edge (z = Zmin)
in the forward direction and the lower edge (y =y, . ) in the side-
ward direction in the plane of the wire. For the latter, the distribution
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has a peculiar “C” shape, with a noticeable minimum. These patterns
appear as a consequence of the relativistic effects of the discharge
propagation; see Fig. S5 in the supplementary material for further
details. From the analysis presented here, it follows that the angu-
lar distribution of the radiated power is determined by the target
geometry. The specifics of the distribution should be taken into
account when planning experimental studies and may be important
for applications where certain properties of the THz radiation are
required.

The results presented here demonstrate that the shape of the
target indeed plays a significant role, affecting the angular dis-
tribution of emitted power, as shown in Fig. 7, as well as the
spatiotemporal profile of the fields emitted by the target and their
spectral characteristics, as shown in Figs. 5(c) and 5(d). As the target
profile, while retaining its periodic nature, becomes more complex,
other frequency components appear in the spectra. These are par-
ticularly pronounced for 6 = 90° and 6 = 180°, whereas for 6 = 0°,
most of the radiation is still emitted at one central frequency, as
shown by the results for the “square” and “triangle” targets. The
main frequency just shifts from 7 to ~2.6 THz as a result of a smaller
Doppler shift along the x axis. The frequency properties may be
controlled to a wide extent by the geometry of the target to pro-
vide either a relatively simple field profile [Figs. 6(al)-6(c1)] and
spectra with one pronounced frequency component in a particu-
lar direction [Fig. 5(a)] or more complex profiles [Figs. 6(a2)-6(c2),
6(a3)-6(c3), and 6(a4)-6(c4)] with one or two additional frequen-
cies [Figs. 5(b)-5(d)], depending on the needs of a particular appli-
cation. It is interesting to note that for the “square” target, the second
harmonic for 6 =90° and 6 = 180° is more pronounced than the
fundamental one, which is related to the occurrence of two sharp
90° breaks in one undulation period.

The selection of a frequency band tailored to fit a specific
application is possible between the Doppler-shifted maximum and
minimum frequencies when selecting a certain slice of emission
(e.g., by a donut-shaped aperture). This particularly benefits from a
small angular gradient of frequencies. If needed, the frequency range
offered by different angular directions can be extended by increasing
the velocity and resulting Doppler shift in the x-axis direction and by
adjusting the amplitude-to-period ratio of the target.

Although a full analytical consideration of curved targets is
complicated, some general relations may be obtained directly in the
framework of a simplified model. Consider a §-function current
J ~ Jo0(1 - vot), where ] is the current amplitude, I = I(x) is the cur-
rent pulse position along the wire, and vy is the propagation velocity,
which appears from our simulations to be very close to the velocity of
light. Where necessary for certain calculations, it is possible to con-
sider, for example, a “sine” wire y = asin xx such that for the first
“sine” target (No. 1) xa = 1, and for the second one (No. 2) xa = 4.
Then,

d d
J = Jod(1 - vot)(j};ex + %ey), (5)

and, without approximations, the vector potential is
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FIG. 7. Time-integrated energy fluence of THz radiation through the edges of the simulation box for three-period sine targets with (a) a; = a, = 20 yum (a) and (b) @ = 34 um,
ap = 8.5 um. The target is located at the center of the simulation box at (x,y, z) = (0,0,0). The current pulse duration is ~50 fs, and its amplitude increases linearly from
zero to 10° A on the first period, stays constant at 10° A on the second period, and decreases linearly from 10° A to zero on the third period. The fluence is normalized per

value emitted on the second period when the current amplitude is constant.

where t' =t - |R—r|/c and R is the vector to the observer. For
a given direction R, it is possible to find the polarization of
the emitted wave, considering the component of the electric field
E =—-(1/c)0A/0t normal to R. That is, for R|ex the wave is y-
polarized, for R|e, the wave is x-polarized, and for R|e; the polar-
ization is a nontrivial combination of both. For a “sine” wire, the
expression (6) may then be rewritten as

A(t) = ]?0 f dx W(ex +eyxa Cos xX), (7)

where

2.2 2.2
V +1
ax E( ax ),
X

I(x) = , 8
) at +1 ®)
E(&,k) is the elliptic integral of the second kind, and

t’ =t |R—r(x)| (9)

Cc

is the retarded time.
In the wave zone, it is possible to assume |R — r(x)| ~ R in the
denominator, and then Eq. (7) gives for the frequency dependence

A(w) = o dx exp iLl(x) - iLR.r + iw—R
cRwy " cR c

x (ex + eyxa cos xx). (10)

Using Eq. (10), one can find the characteristic frequencies of the
radiation, using, for example, a numerical approach.

For the chosen geometry, a more interesting frequency depen-
dence is expected for Ay(w):

]oei"’R/c / [,wl(x) .wR-r | ]
= X — — . 11
Ay(w) 2cRv E dx exp | i ” i c + ixx (11)

+

For a rough estimate of the main carrier frequency wo, the wire
length can be rewritten as

2

I(x) =x a2 +1 %(az{;}il)+gosc(x)> (12)

where Fosc(x) is the oscillating function with zero average, and &(k)
is the full elliptic integral of the second kind. The estimate of wg
comes from the integral in (11) by omitting oscillating terms in the
exponent. Then

X

wo ~ ) > (13)
Wil E(£77) | costd
Vo c

where 6 is the angle between the observation direction and ey. This
expression can be rewritten in terms of the half-length of a sin-
gle undulation li/>, which, for the “sine” wire considered here, is
given by

L= (14)

it + 1

2.2 2.2
V +1
a x Cg( a x )’
x

and as a rough, though general, estimate for an arbitrary undulating
wire with a characteristic period defined with %, one may use
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(15)

The estimates (13) and (15) work better for radiation propagat-
ing parallel to ey, since the y projection of R is absent. In the limiting
case xa — oo, both forward and backward wy »~ 7v/2a, which cor-
responds to a charge that oscillates up and down with amplitude
a/2 and velocity vo. In the opposite case, which corresponds to an
infinitely stretched wire, wo ~ x(1/vo + 1/¢)™", with “=” for the for-
ward and “+” for the backward direction. So, the higher the velocity
vo, the more pronounced is the Doppler shift.

xa

f(THz) (b)
3 -
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For an arbitrary direction, the estimate (15) is also in good
accordance with the simulation results. The dependences of w on xa
and 6 are shown for a propagation velocity of 0.9¢ in Figs. 8(a) and
8(b) and for a propagation velocity of 0.99¢ in Figs. 8(c) and 8(d).
The geometrical dependence [see Figs. 8(a) and 8(c)] demonstrates
that the frequency increases for small xa and 6 = 0, and the max-
imum is higher for higher propagation velocity. For the other two
angles considered, 6 = 7/2 and 6 = 7, the frequency grows mono-
tonically with xa. For all angles, the asymptotic value corresponds to
7vo/2a, as discussed above. The angular dependences in Figs. 8(b)
and 8(d) have a maximum at 8 = 0, which is more pronounced for
smaller xa. For smaller propagation velocities, the dependence on

-0 0 T T T T T
- —nm/2 0 /2 m
6
(d)
10 4
—xa=0.5
— xa=1
3 4 —xa=2
— xa=4
— xa =10
6 -
4 -
2 -
O T T T T T
-n —n/2 0 /2 n
¢]

FIG. 8. Results of analytical estimates of the main frequency emitted by the “sine” target: (a) and (c) dependence of the normalized frequency aw/c on the geometrical
parameter xa for different directions 6 and two different propagation velocities 0.9¢ and 0.99c, respectively; (b) and (d) dependence of the normalized frequency aw/c
on the direction 6 for different values of the geometrical parameter xa and two different propagation velocities 0.9¢ and 0.99¢, respectively. The green and magenta filled
circles show points corresponding to the geometrical parameters of the sine targets considered in the numerical study, with green and magenta corresponding to the “sine”
targets with geometries defined by Eqgs. (1) and (4), respectively; their absolute frequency values are marked on the axes with the corresponding color.
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xa is less pronounced than for higher ones, as can be seen from a
comparison between Figs. 8(b) and 8(d).

In Figs. 8(a) and 8(b), the green and magenta filled circles
correspond to different geometrical parameters in the numerical
simulations. The corresponding dimensional frequencies are shown
on the additional scales between the panels. Comparison with the
spectra shown in Figs. 5(a) and 5(b) demonstrates good quantitative
agreement of the main frequencies. The greatest difference is seen
for the “sine” target No. 1 at 0 = 7z/2. This is partly related to the
omission of the oscillating terms mentioned above.

The simple approach presented above also enables one to
obtain a qualitative understanding of some effects of a finite current
pulse length and its decay rate. The finite length may be modeled
using, for example, the Gaussian representation of the delta func-
tion 8(I(x) — vot) — Const. x exp {—a’[I(x) — vot]*}, with a finite
a. Assuming a small current pulse width a > 1, one obtains a
similar result for the spectrum, but with an additional decay ~
exp (—w*/a*v3), which means that the higher frequencies are being
cut. Indeed, a smooth long current should not effectively generate
frequencies above its inverse characteristic time, which is the cur-
rent length related to its propagation velocity, and, in the limit, for a
constant current, the radiation frequency goes to zero; for a demon-
stration, see Fig. S6 in the supplementary material. Adding e,
which imitates the longitudinal decay of the current pulse, to Eq. (6)
and so to Eq. (11) would result in an additional imaginary term
in Eq. (13), meaning qualitatively a temporal decay and the related
widening of the carrier frequency Aw/w ~ 2yl , /7.

It should be noted that the propagation velocity vy is usu-
ally very close to the velocity of light. This precludes the use of
the dipole approximation for calculating the radiation parameters.
Actually, the dipole approximation would require omission of all
terms with 1/c near the other terms with 1/v. That would eliminate,
for example, the frequency dependence on the radiation direction
[see Eq. (13)], which is one of the most prominent features of the
observed effect, as seen in Figs. 3-6.

The amplitude of the electromagnetic fields in the wave zone
(i.e., in our case, on the edge planes of the simulation box) depends
on the value of the electric current induced in the wire, which in
turn is determined by the intensity of the laser driver. The obtained
scaling [see Fig. 2(b)] enables estimation of the electric current and
consequently the magnitudes of the electromagnetic waves emitted
by this current for various intensities of the incident laser pulse. The
results are summarized in Table 1. Electric fields are extrapolated at
a distance of 1 cm, which is reasonable for practical applications,
under the assumption that the fields fall off as 1/r with distance. The
radiated power and the energy are estimated from the obtained elec-
tromagnetic field distributions, with account taken of the angular
distribution of the radiated energy density. The values of the radiated
power and the energy correspond to the first cycle, when the dis-
charge current amplitude is the highest. For the subsequent cycles,
they decrease according to the discharge pulse decay law.

For the intensities of 10?! W/cm? (i.e., 30 J) typical of mod-
ern petawatt-class laser systems, the extreme power level of 0.2 TW
is generated in the first cycle. In terms of the radiated power, the
discussed THz source is not inferior to other schemes based on
intense laser-target interaction.”’ The features that make the pro-
posed mechanism distinct, and perhaps more attractive for certain
applications, include the possibility of straightforward control of the
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TABLE 1. Summary of the properties of produced THz radiation: peak amplitude of
electric field, peak radiated power, and full radiated energy for various intensities of
the laser pulse driving different initial electric currents Jy inside a wire. Electric current
amplitudes are given for a propagation distance of ~20 um from the interaction point,
and electric fields are extrapolated at a distance of 1 cm. The radiated power and the
full radiated energy are calculated with the dissipation of the discharge current pulse
taken into account according to the rough and probably excessive estimate based on
the simulation for a thin wire; see Fig. 2(d).

Ly (W/em?®)  Jo(A)  Ern, (Vim)  Pra, (W) Ut (J)
2 x 10" 1.7 x 10* 9 x 10’ 2 x10° 1.2 %1073
10%° 4x10* 2 x 108 1.3 x 10 6x107°
10%! 1.6 x 10° 8 x 108 2 x 101 0.10
102 6 x 10° 3% 10° 3 x 102 1.5
10% 2x10°  1.0x10%° 3x 108 16

spectral properties of the THz radiation and its angular distribution
with the geometry of the curved wire, the potential for obtaining
multiple-cycle THz pulses if the decay scale of the discharge current
is smaller that the length of one undulating period of the target, the
angular dependence of the spectrum, and the possibility of employ-
ing it to obtain THz radiation with a spatial or temporal chirp. In
combination with modern femtosecond petawatt laser facilities with
achievable repetition rates of up to one shot per minute and peak
laser beam powers of up to 10 PW,*” the discussed mechanism holds
great potential for applications that demand a compact spectrally
tunable source of intense THz radiation. In addition, for table-top
laser systems, the THz output can be further increased by optimiza-
tion of the interaction conditions, such as by irradiation at grazing
incidence or by embedding some micro-structure on the surface
of the wire tip to increase the absorption of laser energy and its
conversion into the energy of the discharge pulse.

An important question is what parameters of the laser pulse
are suitable for the excitation of the compact discharge pulses
and the subsequent controlled THz emission. To clarify this point,
simulations were performed for sub-picosecond laser pulse dura-
tions of 0.125-0.50 ps, which are about ten times longer than the
femtosecond laser pulses initially considered. It was verified that
electromagnetic waves in the THz frequency range can be produced
with sub-picosecond laser pulses as well, but their amplitude stays
the same as in the case of femtosecond laser pulses or becomes
lower (and even much lower in certain directions); see Fig. S6 in
the supplementary material for further insight. The reason for the
observed decrease in THz emission is that in this case the dura-
tion of the discharge current pulses increases to a value at which
they start to occupy the full length of an undulation period of the
target, thereby impeding the production of electromagnetic radia-
tion. In this regard, it should also be noted that driving the current
pulse with the same amplitude and about ten times longer duration
to achieve the same intensity of THz radiation requires about ten
times more invested laser energy, which shows the advantages of
short laser pulses in the considered scheme.

Another issue that is important in the context of the applica-
bility of the proposed scheme is the energy decay of the discharge
pulse due to emission of electromagnetic waves, electron heating,
and other processes of dissipation. Energy decay due to emission
may be estimated using the values from Table L. Suppose a discharge
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pulse is produced by tight focusing of a 10 J laser pulse with duration
of 30 fs on the shaped target, so that the peak intensity on its surface
is about 10*' W/cm?. Assuming 5%-10% of the laser energy is ini-
tially converted into the discharge wave, and 70 m] is emitted on the
first cycle, we obtain a conversion efficiency of the discharge pulse
energy to emitted electromagnetic waves of about 2%-5% in each
period. In this case, it would require at least tens of cycles to fully
exhaust the discharge pulse energy with only the radiation. In addi-
tion to emission, other processes of dissipation may play a significant
role in the decay of the discharge wave.

The presented simulation results for a thin wire [see Fig. 2(d)]
probably overestimate the absorption rate, as discussed in Sec. II. In
addition, it should be noted that the effect of a wire-guided motion
of electrons has been experimentally observed over distances of up
to 1 m.””** Already for the rough and probably excessive estimate
of the discharge decay rate deduced from the simulation for the thin
wire, the energetic efficiency of the laser-to-THz conversion in the
considered setup may reach ~1% with multiple-cycle THz radiation.
For example, a target designed to emit in the sideward direction at a
main frequency of 2 THz has an undulating period of ~150 ym, and
even for a decay rate of the order of 250 um™, the discharge pulse
would travel approximately three full periods before its amplitude
decreased by a factor of 1/ ¢%. However, as mentioned above, there
is experimental evidence that indicates a much smaller decay rate.
In this case, and if necessary, the use of targets with smaller undula-
tion periods of a few tens of micrometers may enable the duration of
the produced THz pulses to be increased up to 210 periods and the
conversion efficiency to be increased sufficiently beyond 1%-2%.

Finally, it should be noted that an important feature of the setup
considered here is its simplicity. Production of the proposed target
sizes is feasible with lithographic methods or even by laser cutting;
see, for example, Ref. 38, where a 20 ym-thick coil-shaped wire was
produced for an experimental study by laser cutting from 20 ym-
thick copper foil. The target wire thickness is similar to the usual
size of a tightly focused high-power laser spot, and most systems are
able to provide sufficiently good pointing stability. Note however,
that here idealized wires were considered; in practice, formation and
propagation of discharge pulses may depend on the wire quality,
which will be studied elsewhere.

V. CONCLUSION

In conclusion, we have demonstrated the possibility of creating
short discharge current pulses in extended wire targets irradiated
by intense femtosecond laser pulses over a wide range of laser
intensities. The proposed approach is based on robust excitation of
relativistic discharge pulses under intense laser-matter interaction
and may be easily realized. The parameters of the discharge pulses,
such as their amplitude and duration, can be controlled by the rel-
evant parameters of the laser driver, namely, its peak intensity and
duration. Forcing a laser-induced discharge pulse to oscillate as it
travels along the wire by the choice of a specific target geometry
turns the target into an antenna that can efficiently emit electro-
magnetic radiation in the THz range. The angular distribution of
the radiated power and the frequency spectrum of the THz radia-
tion obtained in such a way depend on direction and are determined
by the target shape. By adjusting the latter according to the require-
ments of a given application, either simple spectral distributions

RESEARCH ARTICLE pubs.aip.org/aip/mre

with a single pronounced frequency defined by the characteristic
undulation period of the target or more complex profiles with a few
additional frequency components may be obtained in the desired
direction. According to estimates based on numerical simulations,
the total power emitted in the THz range for laser pulses with inten-
sities >10%2 W/cm? extends at its peak to the terawatt range, and
the total radiated energy exceeds a few joules. Such unprecedent-
edly high THz output coupled with the possibility of controlling its
spectral properties opens a pathway to the use of the proposed THz
source scheme in numerous applications requiring intense widely
controlled THz radiation.

SUPPLEMENTARY MATERIAL

See the supplementary material for more insight about the tem-
poral evolution of the electromagnetic fields emitted by the studied
targets of various shapes.
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