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Abstract: An experimental study of few filaments interaction impact on the terahertz radiation
pattern has demonstrated that interaction of two close propagating beams leads to formation of a
superfilament-like structure with on-axis terahertz yield. Mutual delay between two beamlets tilts
the output intensity front of THz emission.
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1. Introduction

Development of terahertz (THz) radiation sources and detectors is one of the key sci-
entific directions nowadays, due to the possibility of applying THz techniques in different
areas of science and technology [1]. Laser plasma is a promising source of THz radiation
due to ultrabroad spectrum 0.1-200 THz [2], relatively high peak fields [3], and the possi-
bility of forming a source in front of a studied object avoiding losses due to propagation in
air [4-6]. These sources have been studied over the last three decades and the questions of
generation mechanisms [5,7,8], efficiency [8-11], polarization dependencies [12-17], and
output diagram [18-28] have been considered. The application of focused THz emission
from sources is fruitful for optical pump-THz probe spectroscopy [29,30] and also for
the study of nonlinear THz properties of matter, for example, by z-scan technique [31],
thus, it is necessary to know the THz radiation spatial distribution for the estimation
of electric THz field. However, strong angular divergence and conical structure of the
THz emission [18-28] from the single filament have been observed and they reduce its
applicability. For the single filament, it is possible to control the spatial distribution of THz
emission by application of tight focusing of the pump beam [32]. In addition, it is possible
to form several plasma channels, and thus transform an output THz emission pattern.
At higher laser pulse energies, the formation of several sources may appear due to multiple
filamentation or superfilamentation [33-38]. Superfilamentation is a specific regime of
interaction of several filaments, when the last one forms a single high intense channel.
High intensity in the superfilament leads to increasing of nonlinear processes and transfor-
mation of angular and frequency-angular output emission [31-33]. In the case of multiple
filamentation, THz emission is a result of interaction of several plasma sources. The theory
of this question has been studied in literature [39,40], however there is no experimental
evidence. Thus, it is important to study the impact of several filaments on the output THz
emission spatial distribution. It is possible to create several filaments simultaneously by
regularization of optical pump beam using amplitude or phase masks [36,37]. Interference
of THz radiation from these filaments or superfilaments may lead to enhancement of THz
emission in on-axis direction. Therefore, it is important to clarify the optimized condition
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of THz beam generation and to develop ways to control the spatial distribution of THz
emission by the two-color scheme. In this paper, we experimentally study THz emission
pattern from complex laser plasma sources formed by several plasma channels.

2. Experimental Setup

In this paper, we used an amplitude mask for modulation of laser beam. To study the
impact of separate plasma channels on the output spatial distribution of THz emission, the
following experimental setup was constructed (see Figure 1). The radiation of a Ti: Sapphire
laser (central wavelength 800 nm, pulse energy up to 2.9 m]J, duration 50 fs, diameter 12 mm
ate2 level, repetition rate 1 kHz) was divided into three beams as follows:

(1) The pump beam, which generated plasma, the THz source;
(2) The first probe beam for EO system THz radiation registration;
(3) The second probe beam for diagnostic of plasma channel.

The energy of the pump pulse was varied by means of a half-wave plate and a
polarizer that transmitted horizontally polarized radiation. The laser radiation in the pump
beam was partially converted into second harmonic by a BBO crystal (I type, 10 x 10 X
0.1 mm?3). To increase the efficiency of THz generation, polarizations of the fundamental
and the second harmonic radiation were aligned by a phase plate (A1 /2 + A2, where A is the
fundamental wavelength and A; is the second harmonic) and the group delay between them
was compensated by a compensator plate (calcite plate). An off-axis parabolic mirror with
a focal length of 200 mm focused the two-color beam into the atmospheric air. A fluorescent
plasma channel was 10 mm in length for the free pump beam (without a mask) focused.

To form a regularized bundle of filaments, a mask was placed before the parabolic
mirror. The mask was a metal plate with two holes 5 mm in diameter at a distance of
6 mm between their centers. The mask center was set on the laser beam center to provide
approximately equal energy in two beamlets. We studied both vertical and horizontal
orientation of the mask holes (orthogonal to and coincident with the plane of angular
measurements, respectively).

To produce two independent filaments, we covered half of the pump beam by a quartz
plate placed in front of a BBO crystal. As a result, one half of the laser beam was delayed
by ~250 fs from the other half. The interaction of two beamlets, thus, did not take place as
the duration of laser pulses was significantly lesser than delay between them.

A standard electro-optical (EO) detector consisting of a ZnTe crystal (cut <110>,
3 x 3 x 1 mm?), a quarter-wave plate, a polarization divider (Glan-Taylor prism), and
two photodiodes was used to measure THz pulse waveform. The detection crystal was
placed at a distance of 200 mm from the center of the plasma channel at different angles
« to the optical axis of the pump beam in the horizontal plane. To detect THz radiation,
the first probe beam was directed to the ZnTe crystal. The THz waveforms were recorded
by scanning over the delay of the first probe beam (by using delay Line 1). Calibration of
the EO detector signal was carried out for each angle by measuring the maximum signal
amplitude on one of the photodiodes (with the second one closed). The Fourier transfor-
mation of THz waveforms provided the spectrum of THz radiation at the corresponding
angle «; all together they were assembled to the frequency-angular distribution [33]. For
the measurements of angular distribution of THz power without spectral resolution, we
used a Golay cell (Tydex GC-1P) instead of an EO detector. We used a gated laser operation
to provide 20 Hz low-frequency modulation for the THz power measurements.
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Figure 1. Experimental setup.

The pump-probe interferometry was used to characterize the plasma channel. The
second probe beam passed through the optical delay Line 2, and then through the central
part of the plasma channel perpendicularly to the pump beam axis. The probe beam
refracted on the plasma was telescoped to a Michelson interferometer with a slightly tilted
beam in one of the arms. Tilt is enabled to control the interference stripes period and to
form two shifted images of plasma channel (with each beam as a reference for another one).
Two shifted images (beams) of the studied region of the plasma channel were formed on a
CMOS camera matrix (from each arm of the interferometer). An interference filter (802 nm
central transmittance wavelength with bandpass 5 nm FWHM) was inserted into the beam
to increase the contrast area of the interference bands. A phase shift in the plasma was
probed right after ionization. Under the horizontal orientation of amplitude, mask holes
alignment by probe beam leads to accumulating of phase shift of several filaments in the
interferogram. Thus, the extraction of electron concentration in plasma channel becomes
impossible. Therefore, we provide interferometry diagnostics only for vertical orientation
of amplitude mask holes.

3. Results and Discussions

The experiments were carried out with radiation energy of the pumping laser beam
0.95 m] in front of the parabolic mirror (after the mask when it was used), i.e., at a peak
pulse power of about 20 GW. This value is two times larger than the critical power for
self-focusing [38]. The following three versions of the plasma source were implemented:

1.  Single plasma channel formed by free beam without a mask (see Figure 2a).

2. Interaction of filaments formed after two mask holes (for vertical and horizontal
orientation of the holes). This corresponds to the registration of three channels in
the phase shift distribution. The brightest central plasma channel corresponds to the
superfilament-like structure, Figure 2b.

3. Independent formation of two filaments due to a delay of ~250 fs between two beam-
lets (also for vertical and horizontal orientation of the mask holes), Figure 2c.



Photonics 2021, 8, 4

40f8

Y(um) 0.30
500

0.25

400

300

200

100

0 200 400 600 800

400

300

200

(pes) 31ys aseyd

100

0 200 400 600 800

500

400

300

200

0.02
100

7 - e ; ,
0 200 400 600 800 X (um)

Figure 2. Phase shift in plasma channel registered by means of interferometry. (a) Beam without
a mask; (b) A vertical orientation of the amplitude mask, simultaneous pulses, and interaction
of filaments; (c) A vertical orientation of the amplitude mask, delayed pulses, thus, independent
filaments. The pump pulse energy in all cases is 0.95 m]. For all distributions, the probe delay was
set at “0” position for the central region of image.

For the estimation of electron concentration of plasma, we assume an axial symmetry
for each channel. Thereafter, we apply the reverse Abel transformation for each plasma
channel to extract the distribution of refractive index in filaments and, consequently, the
plasma density distribution. The peak plasma density was 1.4 x 10'® cm~3 in Figure 2a,
2.3 x 10'® em~3 in Figure 2b (5 x 10!7 cm ™ for secondary peaks), and 7 x 107 em~2 in
Figure 2c panel.

Figure 3 compares angular distributions of THz power measured by the Golay cell
for the described cases, for a single beamlet (one hole closed on the inserted mask) and its
counterpart when the mask is rotated by 90° to align holes in the horizontal plane. The free
beam provides the highest THz power. Three filaments formed under interaction of two
beamlets provide a lower THz yield. Two independent delayed filaments provide almost
the same minimal output as a single beamlet. Horizontal and vertical orientations of the
mask holes do not make a notable distinction for any case, thus, one can suppose that the
structure of plasma channels does not change significantly. The resulting diagram from
two delayed filaments is not an arithmetical sum of THz yields from each channel. This
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Figure 3. Angular distributions of THz power for different filament configurations. (a) Two vertically oriented filaments

with mutual delay (blue triangle), 2 horizontally oriented filaments with mutual delay (green star), 1 filament without

quartz plate (red rhombus), 1 filament with quartz plate (black pentagon), 1 filament without a mask (full laser beam)

(orange circle), 3 vertically oriented filaments (red circle), 3 horizontally oriented filaments (purple circle); (b) Angular

distribution for three selected cases.

Figure 4 shows the frequency-angular spectra of THz radiation retrieved from EO
detection in the horizontal plane, for filamentation modes shown in Figure 2. In the case
when the mask was not used (Figure 4a), the frequency-angular distribution is typical
for the moderate focusing mode of the two-color femtosecond pulse [20,21,24,26,33]. THz
radiation has a flat distribution of amplitude with emerging of conical structure with an
opening angle of 5-10°. Measured frequency-angular spectra of THz radiation of two-color
filament are in reasonable agreement with the results of experiments and simulations
performed earlier [33].

The frequency-angular spectrum of THz radiation from superfilament-like structure is
shown in Figure 4, for horizontal (Figure 4b) and vertical (Figure 4c) orientation of the mask.
In contrast to the previous case, the superfilament-like plasma channels form a new THz
component propagating on the beam axis (at an angle of 0°). Nevertheless, surrounding
rings with a divergence angle of 5-10° also appear.

Numerical simulations [39] have proposed that the interference of THz fields from
several sources with cone emission pattern each resulted in a conical spatial distribution
surrounded by sidelobes, but not an axial component. In experiments [40] with two
parallel non-interactive structures, only the conical THz field spatial distribution was
observed. However, we experimentally verified and confirmed the relationship between
the appearance of the axial component in the frequency-angular distribution of THz
radiation and the interaction of filaments. In fact, the interaction of filaments from different
holes in the mask can be significantly limited by delaying femtosecond radiation, passing
through one hole, at ~250 fs relative to the radiation passing through the other hole. In this
case, the filaments formed in a pulse with the duration of 50 fs do not interact anymore,
however, THz pulses with duration of 1-2 ps (this THz pulse duration was obtained in
experiments) can overlap in time and space and interfere with each other. Figure 4d,e
shows the frequency-angular spectra of THz radiation in the case of two delayed filaments
for horizontal and vertical orientation of the mask, respectively. In both cases, the conical
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spatial distribution prevails, and the axial component is minor as compared with the case
of superfilament-like structure, Figure 4b,c.
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Figure 4. Frequency-angular distributions of THz emission. (a) free beam without a mask; (b,c) Two
beamlets regularized forming superfilament-like structure; (d,e) Two independent delayed filaments.
Measurements (b,d) were made with horizontal orientation of mask holes and (c,e) with vertical one.
White rectangles in (b,c) highlight the component of THz radiation that propagates along the axis of
the laser beam, red rectangles in (d) highlight the feature of THz emission from two delayed beamlets.
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4. Conclusions

Thus, the possibility controlling THz emission spatial distribution for composite
laser-plasma source has been demonstrated using amplitude mask for laser beam and
introducing delay between beamlets. The interaction of two non-delayed beamlets leads
to formation of a complex superfilament-like structure, which is characterized by a bright
component of THz emission propagating along the axis. The introduction of delay be-
tween two beamlets shifts the maximum in angular and frequency-angular distributions.
However, it should be noted that the spatial modulation decreases the total energy of THz
emission, as the highest THz yield is observed for the single filament. The ring component,
corresponding to THz radiation of the original filaments, is also present. These results
can be useful for high power broadband laser-plasma THz sources and for control of the
THz pattern.
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