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Terahertz radiation with a Bessel beam profile is demonstrated experimentally from a two-color laser filament in air, which is
induced by tailored femtosecond laser pulses with an axicon. The temporal and spatial distributions of Bessel rings of the
terahertz radiation are retrieved after being collected in the far field. A theoretical model is proposed, which suggests that such
Bessel terahertz pulses are produced due to the combined effects of the inhomogeneous superluminal filament structure and
the phase change of the two-color laser components inside the plasma channel. These two effects lead to wavefront crossover
and constructive/destructive interference of terahertz radiation from different plasma sources along the laser filament,
respectively. Compared with other methods, our technique can support the generation of Bessel pulses with broad spectral
bandwidth. Such Bessel pulses can propagate to the far field without significant spatial spreading, which shall provide new

opportunities for terahertz applications.

1. Introduction

Bessel beams have received increasing attention due to their
unique applications in optical imaging, optical micromanip-
ulation, optical microprocessing, and optical communica-
tions [1-9]. In imaging systems, for instance, due to its
special feature of propagation, Bessel beams can enhance
the ability of 3D imaging [10]. Even though Bessel beam
profiles have been well demonstrated in the optical region,
it is still a challenge for the generation of terahertz Bessel
beams with broad bandwidth, which can play a pivotal role
in biomedical and security imaging, etc. [11, 12]. In the past
two decades, the generation of terahertz Bessel beams has
been demonstrated either by a V-shaped metamaterial [13]
or by 3D-printed axicons [14]. Thus, terahertz Gaussian
beams are converted to Bessel ones within the interfering
region formed by these devices. However, due to the limita-

tion by insufficient adaptive spectral bandwidth in the tera-
hertz range as well as nonnegligible energy loss from
absorption of these devices, the methods metioned above
are not applicable for broadband terahertz radiation from
laser filament sources. Since the beginning of this century,
laser filaments excited by high-power femtosecond lasers
have attracted lots of research interests due to their wide
applications such as generation of broadband terahertz radi-
ation, atmospheric sensing, air lasing, and laser-induced
spark ignition [15-18]. Recently, it was demonstrated that
the beam divergence of the conical terahertz radiation from
laser plasmas can be modified by extending laser plasmas to
a long laser filament, i.e., a longer plasma filament resulting
in a conical terahertz radiation with a smaller divergence
[19, 20]. This suggests that the beam profile of the terahertz
radiation from laser plasmas might be shaped by modifying
the structure of laser plasma sources.
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In this work, we demonstrate the generation of a Bessel-
like terahertz pulse from a two-color laser filament whose
ionization front travels faster than light in vacuum. A typical
high-order Bessel beam profile of terahertz radiation is
observed experimentally. Based on theoretical investigation,
it is found that the generation of the Bessel terahertz pulse
is due to the combined effects of the superluminal filament
structures and the phase changing of the two-color laser
components inside the plasma channel. The observed Bessel
terahertz pulse with our two-color superluminal filament
scheme can propagate to the far field, no longer limited in
a short interfering region as usually found in other methods
mentioned above. This work shows the possibility of beam
shaping for terahertz waves by employing a suitable plasma
filament for the first time.

2. Materials and Methods

In our experiment, a 16 mJ, 40fs, and 800nm laser pulse
with a beam diameter of 50 mm is focused by a 50 cm focal
long planoconvex lens. Before the laser beam undergoes fila-
mentation process, it is intercepted sequentially by an axicon
with a wedge angle of 4 and a f3-barium borate (BBO) crys-
tal of 0.2 mm thickness and a dual waveplate, as sketched in
Figure 1. After the generation of the second harmonic with
the BBO crystal, the polarization of the 800 nm wave is
tuned to be parallel to its second harmonic by the dual wave-
plate. Therefore the generated THz radiation will has the
same polarization as the laser pulses. Then, a 55mm long
plasma filament, excited by the 800 nm fundamental wave
and its second harmonic, is formed just after the dual wave-
plate. Terahertz radiation from this plasma filament is col-
lected by a pair of 2-inch oft-axis parabolic (OAP) mirrors
with a focal length of 10cm and detected by electrooptic
sampling technique [20, 21]. A 0.5mm thick silicon wafer
is placed inside the OAP pairs to block the two-color laser
beam, whose beam profile after filamentation is like a ring.
The mechanism of THz radiation with two-color lasers in
the present work is due to the ionization currents as dis-
cussed in many previous studies [20, 22]. The introduction
of the axicon here is to modify the propagation velocity of
the ionization front of the laser filament, eventually respon-
sible for Bessel terahertz beam generation. Previously, it was
demonstrated that terahertz radiation from a superluminal
ionization front created by an axicon-focused one-color
femtosecond laser pulse has a conical radiation profile [23].

We diagnosed the waveform of the terahertz radiation
from the superluminal laser filament as a function of its
emission angle by changing the diameter of the aperture
for the metal iris located after the filament (detailed in
Figure 1), as shown in Figure 2(a). It is notable that the
amplitudes of the terahertz waveforms first increase and
then fluctuate slowly (shown in dashed line) as the diameter
of the iris aperture d is enlarged gradually, while terahertz
carrier-envelop phases stay almost unchanged. By subtract-
ing the terahertz waveform obtained at a given iris diameter
d by the one measured with iris aperture of (d - Ad,Ad =2
mm), we can retrieve radially terahertz waveforms in
Figure 2(b) [24]. Here, the z axis corresponds to the laser
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FIGURE 1: Schematic diagram of the experimental setup. The
diameter of the adjustable metal iris is defined as d. AX: axicon;
BBO: B-barium borate crystal; DWP: dual wave plate; MI: metal
iris; OAP: off-axis parabolic; SW: silicon wafer. Inset: filament in
the spindle region.

propagation axis, whose origin (z=0) is defined at the end
of the filament. The r axis corresponds to the radial direction
which is perpendicular to the z axis. In this way, the super-
luminal filament is located from z = =55 mm (the beginning
of the filament) to z=0mm, and the iris is placed at z=65
mm with its maximum aperture radius of 20mm. In
Figure 2(b), it is obvious that the terahertz radiation from
the superluminal filament separates into three rings with dif-
ferent conical angles. In addition, the terahertz waveforms
show a 7-phase difference from one ring to its neighbor ring,
which is in accordance with a typical high-order Bessel ring
structure [25].

3. Results and Discussion

Due to the existence of the axicon, the plasma filament
formed with our experimental setup is different from normal
filaments studied before [26]. The ionization front of the fil-
ament propagates with a superluminal velocity owning to
the unique geometry of the axicon [23]. Meanwhile, the laser
beam is focused by a planoconvex lens before passing
through this axicon. This leads to a nonuniform propagation
velocity of the ionization front as well as a nonuniform dis-
tribution of the laser intensity along the filament, as shown
in Figures 3(a) and 3(b), respectively. These are obtained
according to the geometric relation with the beam diameter
of 20mm on the axicon surface and the refractive index of
the axicon n = 1.45, respectively. Figure 3(a) shows that the
ionization front of the filament starts with the velocity of
about 1.006¢, and gradually increases to about 1.016¢, where
c is the speed of light in vacuum. This phenomenon suggests
that the wavefront of the terahertz radiation from the plasma
source located at the leading part of the filament travels
slower than the ionization front of the filament, i.e., resulting
in the wavefront intercross of the terahertz radiation from
different plasma sources along this filament. In Figure 3(b),
the laser intensity distribution along the filament is spin-
dle-shaped, strong in the middle and weak in both ends.
This is reasonable because of the beam profile modification
by the axicon, consistent with Ref. [27, 28]. The detailed cal-
culation is given in the Supplemental Materials (available
here).
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FIGURE 2: Experimental results. (a) Measured terahertz waveforms with different diameters of the metal iris d (in Figure 1). The dashed line
shows the peak evolution of the waveforms with d. (b) Spatial distribution of the terahertz waveforms obtained by subtracting each

measured waveform by its former one with a smaller d in (a).
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FIGURE 3: (a) Calculated propagation velocity of ionization front
(IF) versus the longitudinal position of the filament. The position
z=0mm represents the end of the filament. (b) Calculated laser
intensity inside filament region along the longitudinal position of
the filament.

Based on the features of the two-color superluminal
plasma filament, we introduce a physical model called
nonlinear-dipole-array model to describe terahertz radiation
from this filament. First, each plasma point source (at posi-
tion z with length dz) along the superluminal filament,
whose plasma density is derived from the Ammosov-
Delone-Krainov ionization model, can be considered an
oscillation dipole emitting a terahertz pulse [22, 29]. Such
terahertz pulse is modified by the phase difference between
two-color laser components ¢(z) at different positions z
[20, 22], as expressed as E(w,z, t) sin [¢(z)]dz, where w is
the angular frequency of terahertz radiation (see more
details in the Supplemental Material). Taking into account
the superluminal ionization front (i.e., the formation of the
plasma point source) as well as the terahertz propagation
effect [20, 30], the phase change of the terahertz radiation
as it propagates to a given spatial position r(r,z) can be
expressed as Ap = w(t — z/a,c) — kl(r, z). Here, a,, is the ratio
between the propagation velocity of the ionization front of
the superluminal filament and the speed of light in vacuum
(illustrated in Figure 3(a)), k = w/c is the corresponding wave
number of the terahertz waves, and I(r, z) = [ n(r)dr is the
effective optical path of the terahertz radiation, which is cal-
culated through a path integration from the refractive index

n(r). In this way, the spatial distribution of terahertz radia-
tion from a single-plasma point source can be calculated.
Second, we suppose that all the terahertz plasma sources
along the superluminal filament are independent of each
other, i.e., the terahertz radiation from the leading part of
the filament will not affect the process of laser plasma inter-
actions in the tailing part of the filament. Thus, the beam
profile of the terahertz radiation from a two-color superlum-
inal filament can be expressed as a coherent superposition of
the spatial distribution of the terahertz waves emitted from
individual plasma sources distributed along the filament, i.e.,

ETHZ(w, rt)= ‘Ll' E(w,z,t) sin [$(2)] exp (Ap)dz. (1)

Compared with our previous work [20, 21], the ioniza-
tion front (i.e., the formation of the plasma point source)
in a superluminal laser filament travels faster than the wave-
front of the emitted terahertz radiation from each plasma
point source. Consequently, the terahertz wavefronts from
different plasma point sources along the superluminal fila-
ment will meet and overtake. The subsequent constructive/
destructive interference with each other leads to a ring struc-
ture of a terahertz beam profile. Besides, due to different
laser intensities distributed along the superluminal filament
(as shown in Figure 3(b)), the resulting variance in plasma
density and intensity of the generated terahertz radiation
from each point source is also taken into account in the
new model.

Using Equation (1), the radial distribution of the tera-
hertz radiation from a 55mm long superluminal laser fila-
ment is calculated, as shown in Figure 4(a). Our simulation
with the above model can well reproduce the terahertz beam
pattern of a high-order Bessel ring structure observed in the
experiment, including a m-phase shift in the waveforms of
terahertz radiation from adjacent rings. Figure 4(b) displays
the propagation trajectory of the Bessel terahertz beam. Each
vertical line in the figure represents the beam pattern of the
Bessel beam at a specified location along the propagation
axis. For instance, the observed Bessel beam profile in our
experiment, diagnosed with the metal iris at z=65mm,
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FIGURE 4: Simulation results and comparison with experimental measurements. (a) Spatial distribution of terahertz waveforms obtained
numerically under experimental conditions as in Figure 2(b). (b) Power distribution of terahertz radiation while propagating. The dashed
line represents the position of the metal iris. (c) Beam profile of Bessel terahertz radiation. (d) Intensity distribution of Bessel terahertz
beam along transverse direction (blue solid line), compared with measured intensity distribution (experimental data in red circles) from
Figure 2(b). Here, the measured distribution is the intensity integration along the z axis of Figure 2(b), and the simulation curve comes

from the cut section along the r-axis of (c).
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FI1GURE 5: Simulated spatial distributions of terahertz radiations in different conditions. (a) Bessel beam from a 55 mm long superluminal
filament (fit with our experiment conditions). (b) Bessel terahertz beam from a 42 mm long superluminal filament (lower laser energy).
(c) Terahertz beam from a 55 mm long superluminal filament with uniform plasma density distribution and filamentation velocity (only
axicon, no lens). (d) Traditional terahertz beam from a 55 mm long laser filament (no axicon and no superluminal phenomena).

corresponds to the beam pattern marked with a dashed line
in Figure 4(b). The evolution of the beam pattern during
propagation indicates that the terahertz radiation from our
scheme remains its Bessel beam profile while propagating
to the far field. Figure 4(c) shows this terahertz beam profile
in a 2-D plane located at z=65mm (the dashed line in
Figure 4(b)), which gives one a more intuitive sense of
the three ring structures. Comparing the theoretical and
the experimental data, the distribution and the relative
strength of the three rings in the terahertz beam profile
are in good agreement, as shown in Figure 4(d). Hence,
our physical model well interprets the generation process
of a Bessel terahertz pulse from a superluminal two-color
laser filament.

In addition, we have studied the effects of the filament
conditions on terahertz beam patterns numerically based
upon our theory model presented above. First, we consider

the effect of filament length. Figure 5(b) shows a two-ring
beam pattern of terahertz radiation from a superluminal fil-
ament with the length of 42 mm, which is compared to that
for the filament length of 55mm under the experimental
condition shown in Figure 5(a). This result indicates that
modification in filament length will not change the Bessel
beam pattern of the terahertz radiation but modify the diver-
gence of this terahertz beam, resulting in a change in the ring
number of this Bessel beam in a confined solid angle.
Second, we simulate the terahertz radiation from a
55 mm long superluminal filament with a uniform distribu-
tion in the velocity of the ionization front, ie., «, is not
dependent on z in the simulation. In this case, terahertz
radiation from the filament behaves as a Cerenkov radiation,
as in Figure 5(c). The wavefront of such radiation is in a
plane (shown as the dashed line) with a particular radiation
angle determined by the velocity of the ionization front.
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Meanwhile, the three-ring beam pattern and sr-phase shift
between neighbor rings is still obvious in the terahertz beam
profile because the velocity of the ionization front remains
superluminal.

Third, when the velocity of the ionization front is not
superluminal, the beam pattern of the terahertz radiation
from 55mm long filament turns to a traditional conical
emission, as shown in Figure 5(d). In this case, the veloc-
ity of the terahertz radiation from each plasma point
source is faster than the velocity of the ionization front
which dominates the emerging time of new plasma point
sources. Hence, the wavefront overtaking of the terahertz
radiation from different plasma sources no longer exists,
leading to a conical terahertz radiation from a two-color
plasma filament.

It is worthwhile to point out that the Bessel terahertz
beam shows a higher energy concentration when comparing
with the traditional conical terahertz beam. The inner ring of
the Bessel terahertz beam carries over 68% (>1/e) of the
entire pulse energy with the angular divergence of about 5°,
while the divergence of the traditional conical terahertz
beam is normally 8~10° [20]. For Bessel terahertz beams,
higher energy concentration leads to good performance in
propagation, collection, and beam profile maintenance. This
shows great advantage for applications of such plasma tera-
hertz sources.

4. Conclusion

In conclusion, it has been demonstrated that terahertz radi-
ations with a Bessel beam profile can be generated from a
superluminal two-color laser filament. This Bessel beam
can be collected and detected in the far field. A theory model
is presented, which can well describe the experimental
observations, indicating that the Bessel terahertz beam
comes from the wavefront overtaking (originated from the
superluminal filament structure) and the constructive/
destructive interference of terahertz radiation from different
plasma sources distributed along the superluminal two-color
filament (originated from phase changing of the two-color
laser components inside the plasma channel). This work
shows for the first time the feasibility to achieve terahertz
beam shaping by controlling a laser filament in air plasma
and forms a foundation for promising terahertz sciences
and applications.
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A Calculation of the superluminal filament structure Figure
1: sketch diagram of the superlumial filament. Figure 2: mea-
sured terahertz waveforms emitted from 55 mm long super-
luminal filament. Figure 3: measured terahertz waveforms
emitted from 42 mm long superluminal filament. Figure 4:
(a) experimentally measured spatial distribution of the ter-
ahertz waveforms emitted from 42mm long superluminal
filament. (b) Simulated spatial distribution of terahertz
waveforms compared with (a). (Supplementary Materials)
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