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Directional linearly polarized terahertz emission from argon clusters
irradiated by noncollinear double-pulse beams
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It has been demonstrated that the interaction between argon clusters and intense femtosecond
double laser pulses with appropriate intervals in time and space provides important properties for
terahertz electromagnetic wave generation, namely, high forward directivity, power enhancement,
and linear polarization with a variable direction. Irradiating argon clusters with double pulses
(1 and 3 mJ, 40 fs, 810 nm) in 133-ps and 40-um intervals results in terahertz wave emission in the
forward direction that is 10 times greater than that for a single pulse. The polarization direction of
terahertz electromagnetic waves can be varied by changing the relative focal positions of the first
and second pulses. Published by AIP Publishing. https://doi.org/10.1063/1.4991736

In the past few decades, the scientific and engineering
applications of terahertz (THz) waves have advanced remark-
ably with the rapid progress of laser technology. Intense THz
waves have attracted attention for various applications.'™
Currently, 0.9-mJ THz wave pulses are generated by optical
rectification in an organic nonlinear crystal.® However, it is
difficult to increase the THz wave energy with this method
because the damage threshold of the nonlinear crystal limits
the incident laser energy. Using a plasma as the THz-wave-
source element would reduce this limitation considerably and
is a promising method for generating intense THz waves.
Laser plasmas produced from a solid target generate 0.7-mJ
THz waves by sheath proton acceleration.” However, this
method is not suitable for repeated generation of THz waves
because of debris from the solid target and the difficulty in
replenishing the target continuously. A gas target can over-
come these problems but provides THz waves with much
lower energies than those from a solid target.*® To have the
benefits of both solid and gas targets, clusters consisting of
atoms have been proposed as a target,'® and the generation of
THz waves from cluster plasmas has been studied experimen-
tally and theoretically.''™"* Jahangiri er al. reported that an
atomic-cluster plasma generates 600 times more THz waves
than a gas plasma does,'""'? thereby showing the potential of
an atomic-cluster plasma as a THz wave source.

However, in conventional methods, THz waves from
cluster plasmas produced by irradiation with a single-pulse
laser beam generally have radial polarization and conical
angular distribution. This is inconvenient for applications
because such characteristics make handling the waves diffi-
cult and less efficient. Therefore, it is important to develop
intense THz wave sources with good characteristics, in
particular directional linearly polarized emission. For a gas
target, the use of multiple incident laser pulses has been pro-
posed to improve the radiation properties. Generating THz
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waves via two-color laser focusing in a gas has overcome the
problematic radiation properties of THz waves from a gas
plasma.'>™"” In this scheme, linearly polarized THz waves
are generated in the forward direction. This requires precise
adjustment of the temporal deviation between the two pulses
to match their phases.'® An additional challenge is the dam-
age threshold of the second-harmonic-generation crystal,
limiting the THz output. As a method using two single-color
pulses, a bi-filamentation scheme has been proposed.'®
Although THz wave generation in the forward direction has
been measured, the power is much lower than that for solid
or cluster targets.

In this study, we use a cluster target to generate the
plasma and the THz waves separately with double-pulse
beams to search for appropriate intervals in both time and
space for the pulses to be focused into the plasma. THz waves
are emitted with linear polarization, and their power is greatly
enhanced in the direction of laser propagation.

A schematic diagram of the experimental setup is shown
in Fig. 1. We use a Ti:sapphire chirped pulse amplification
laser system operating at a central wavelength of 810nm.
The laser pulse has a duration of 40 fs (FWHM). The laser
beam is separated into two beams: the first pulse with an
energy of 1 mJ and the second pulse with an energy of 3 mJ.
The pulse energies of the two pulses are measured separately
in front of a glass chamber with a pyroelectric energy meter.
The two pulses are linearly polarized with a polarization par-
allel to the optical table. The time delay between the two
pulses is varied from 0 to 500 ps with 0.03-fs resolution by a
direct-drive translation stage (ANT95-100-L, Aerotech Inc.).
The two beams are recombined and focused onto the argon
clusters by a plano-convex lens with a focal length of
200mm (F=10). The first and second laser beams can be
focused in Gaussian spots with diameters of 12 and 15 um
(FWe ™' M), respectively. The focal position of the second

Published by AIP Publishing.
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FIG. 1. Schematic diagram of the experimental setup. PF: polystyrene foam;
BP: black polypropylene filter; WGP: wire-grid polarizer; and ®: detection
angle of THz waves.

pulse can be varied from 0 to 100 um (corresponding to
0-500 prad) by a mirror just before the beam combiner. The
focal position (pointing) of the two beams is monitored using
a CCD camera during the experiment.

Argon clusters are produced in the center of a glass vac-
uum chamber by injecting argon gas with a backing pressure
of 7 MPa through a conical nozzle whose length is 20 mm and
whose input and output diameters are 0.5 and 5 mm, respec-
tively. The distance of the nozzle from the focal point is
10mm. The typical radius of clusters is measured as
Ro~5nm by the Rayleigh scattering method,”® and the
atomic density in the interaction region is estimated to be
approximately 6 x 10'”cm™>. The THz waves generated by
irradiating the argon clusters with intense laser pulses are col-
limated by a Tsurupica lens (Pax Co.) and detected using a
helium-cooled InSb bolometer (QFI-2BI, QMC Instruments
Ltd.) whose detectable frequency range is up to approxi-
mately 2THz. Five-millimeter-thick polystyrene foam and
60-pm-thick black polypropylene filters are placed in front of
the bolometer to block residual laser pulses and undesirable
emissions from the plasma. The detection system consists of
the bolometer, a wire grid, the Tsurupica lens, and the black
polypropylene filters on an optical plate (Fig. 1). To measure
the angular distribution of the THz wave emission, the detec-
tion system is moved in an arc from ® =80° to —60° with a
resolution of 4°, and a chamber made of fused silica glass
with 90% transparency at 0.5 THz is used.”' The polarization
properties and spectrum of the THz waves are measured with
wire-grid polarizers (extinction ratio approximately 10> at
0.5THz) and a Martin—Puplett interferometer, respectively.
Each data point is obtained by averaging 16 pulses.

First, the THz power dependence on the focal position
of the second pulse relative to that of the first pulse is mea-
sured. Figure 2(a) shows the definition of the relative focal
position of the double-pulse beams irradiating the argon
clusters. The focal position of the second pulse relative to
that of the first pulse is shown in Cartesian coordinates (x, y)
and cylindrical coordinates (r, 0)). Figure 2(b) shows the THz
power dependence on the focal position of the second pulse
relative to that of the first pulse at a delay time of 133 ps.
Although almost no THz waves are generated when the first
and second pulses are irradiated collinearly [i.e., (x, y) = (0,
0)], THz wave generation is enhanced when the two pulses
are irradiated noncollinearly [i.e., (x, ¥)# (0, 0)] and is
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FIG. 2. (a) Schematic of x, y, and 0 defined as the focal position of the sec-
ond pulse relative to the focal position of the first pulse. (b) Dependence of
THz power on the focal position (x, y) of the second pulse. The delay time
between the two pulses is 133 ps. THz power is detected in the laser-
propagation direction (® = 0° in Fig. 1).

maximized by shifting the second pulse by approximately
40 um regardless of 6. In this experiment, THz waves are
detected in the direction of ® =0°. The THz waves are
detected at a solid angle of 7.9 x 10 >sr, which is much
larger than the maximum shift of the second pulse (500
urad). Therefore, the shift of the second pulse is small
enough not to influence THz detection. Under conditions in
which the delay time is 133 ps and the focal position of the
second pulse is (x, y) = (0, 40 um), the THz-power stability
(standard deviation/average value) is 11%.

Figure 3(a) shows the dependence of THz power on the
delay time of the second pulse. The focal position of the sec-
ond pulse is shifted to (x, 0) (0 =0). As the delay time is
increased from 1 to 500 ps, position x of the second pulse
that gives the maximum THz wave power increases, which
is shown in Fig. 3(b) more clearly. Figure 3(b) shows the
second-pulse positions that give each maximum THz power
in Fig. 3(a) as a function of their delay time. The second-
pulse position for maximum THz wave emission moves at a
speed of 8 x 10* m/s.

Figure 4 shows the angular distribution of THz waves
from a cluster plasma produced by double-pulse laser beams
compared with that produced by a single-pulse beam. The
angular distribution of the THz emission is then measured
under conditions of a delay time of 133 ps and (x, y) = (0,
40 um). The propagation direction of the first laser pulse is
denoted by ® =0°. For a single-pulse beam, THz waves are
emitted at =30°, which is consistent with previous results.!!
For double-pulse laser beams, the THz power is increased by
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FIG. 3. (a) Temporal development of the THz power dependence with the
distance between focal positions of the first and second pulses in the hori-
zontal plane. (b) Distance between the two focal positions for various delay
times at which the THz power reaches its peak value.

more than 10 times that for the single-pulse beam in the
laser-propagation direction. The THz emission is directed
much more in the laser-propagation direction when the first
pulse forms the plasma and the second pulse generates the
THz waves, whereas THz waves are emitted conically in the
single-pulse case. The frequency of the THz waves is mea-
sured separately by the Martin—Puplett interferometer in the
range of 0.03-2 THz. The observed spectrum of THz waves
covers 0.1-1 THz and peaks around 0.2-0.5 THz with a fre-
quency width (FWHM) of approximately 0.2—-0.3 THz.

The polarization of the THz waves is measured using a
wire grid. The experiment is performed at a laser-
propagation direction of ® =0°. The inset in Fig. 5(b) shows
the transmitted THz wave power as a function of the wire-
grid angle @ for 0 = —1° and 57°. The THz waves are line-
arly polarized at every value of (. The polarization angle ¢
of the THz waves is obtained by analyzing the wire-grid
angle @ for maximum transmission; the transmitted THz
power is well fitted by the function / = cos*(® — ¢). The
polarization angle of the THz waves is 4° for 6 =—1° and
59° for # =57° and increases with the second-pulse angle 6.
Figure 5(b) summarizes the polarization angle ¢ of the THz
waves for various angles 0 of the second pulse, which shows
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FIG. 4. Angular distributions of THz waves for a double-pulse beam (pulse
energies of 1 and 3 mJ) and a single-pulse beam (pulse energies of 1 or 3
mJ); 0° is the laser-propagation direction. THz emission is measured under
conditions of a delay time of 133 ps and (x, y) = (0, 40 um).

that ¢ = 0. Thus, the polarization angle of linearly polarized
THz waves can be rotated by the relative position of the first
and second pulses without changing the incident laser
polarization.
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FIG. 5. (a) Schematic diagram of the definition of 6 and ¢. 0 is defined as
the angle between the line connecting the two focal positions and the hori-
zontal plane. ¢ is the angle between the direction of the vibration of the
THz electric field and horizontal plane. (b) Polarization angle ¢ of the
THz wave for various 0. The red line is the least-squares regression line
@=0.970+1.0, R =0.99. The delay time between the two pulses is 133 ps.
THz power is detected in the laser-propagation direction (® =0° in Fig. 1).
Inset: THz transmission of the wire-grid polarizer for various wire-grid
angles. Horizontal linearly polarized THz waves are transmitted by the wire-
grid polarizer when the wire-grid angle is 0°.
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The characteristics of THz waves emitted from clusters
irradiated by intense femtosecond double laser pulses can be
summarized as follows: (1) higher directivity than for a sin-
gle pulse, (2) high intensity enhancement with appropriate
intervals between the double pulses in space and time, and
(3) linear polarization in the direction of the line connecting
the focal points of the double pulses. These characteristics
are useful for applications because they result in (1) highly
efficient use, (2) higher power, and (3) variable polarization,
respectively.

Linearly polarized directional THz emission from plas-
mas cannot be explained by conventional mechanisms such
as transition radiation®® or transition-Cherenkov radiation®’
which have been studied as THz generation mechanisms for
laser plasmas produced from gas targets. In the present work,
because the laser intensity is in the range of 10'°~10'7 W/
cm?, it is expected that THz waves should be emitted in the
direction ® = 80°~90°.' Although directional THz emission
via four-wave optical rectification or second-order optical
rectification inside an asymmetric filament***> and paramet-
ric decay of laser light*® have been reported in other works
on THz generation using a plasma filament, the polarization
of the THz waves was elliptical, not linear.

The generation of directional linearly polarized THz
waves from clusters under double-pulse irradiation can be
understood as the generation of THz waves from a plasma
channel near Coulomb-exploded ions, which work as a bias.
First, argon clusters are Coulomb-exploded by the first pulse
in the focal space, and ions are emitted from the focal space
to form expanding (positively charged) ion clouds. Then, the
second pulse is irradiated from near the explosion front and
provides electrons along the ion-cloud front as the second
pulse travels. A transverse current’’ or dipole moment™
would be excited in the plasma channel produced by the sec-
ond pulse, resulting in emission of electromagnetic waves in
the laser propagation direction just like THz wave generation
in a DC field.””?° The electromagnetic wave is emitted most
efficiently at the ion-cloud front, which moves as fast as the
ions that are emitted from the Coulomb-exploded clusters.
Because the laser intensity of the first pulse is in the range of
10'°-10"" W/cm?, the cluster survives as a skinned cluster.
Based on the scaling law of the ionized radius with laser
intensity, the remaining core part of the cluster is estimated to
have a radius of 2.5 nm. The maximum and probable energy
of argon ions can be estimated as E,,x = 4nZ?e’ny(Ry> — RY)/
(3Ry), where Z is the ion charge state, e is the electron charge,
n; is the ion density, and Ry and R are the radii of an initial
argon cluster and remaining core argon cluster, respectively.
For Rg=5nm, R=2.5nm, and Z=7, we have E,,,=1.6
x 10°keV. However, both the laser intensity and cluster
radius are distributed spatially, which contributes to the
observed distributions in the actual experiments. We have
reported previously that the most probable energy of argon
ions is distributed in the energy range of 1-14keV at a laser
intensity of 10"°W/cm?*° These energies correspond to
speeds of 7 x 10* to 2.6 x 10° m/s, which agree well with the
temporal development speed of the optimal distance of the
focal positions in Fig. 3(b). In this mechanism, the THz
wave is polarized in the direction along a line connecting the
focal points of the double pulses and is consistent with the

Appl. Phys. Lett. 111, 241107 (2017)

experimental results. The characteristics of the measured THz
wave show that the combination of a cluster target and double-
pulse irradiation is effective for generating THz waves. Future
work will involve systematic studies of the mechanism of THz
wave generation from cluster targets irradiated with double-
pulse beams.

In summary, distinguishing properties have been
observed in the emission of THz waves from argon clusters
irradiated by intense femtosecond double laser pulses with
appropriate intervals in time and space. These properties are
high directivity, power enhancement, and linear polarization,
which can be varied by changing the pointing of the second
pulse relative to that of the first pulse. All these properties
are useful for applications.

This work was financially supported by the Collaborative
Research Program of the Institute for Chemical Research,
Kyoto University (Grant Nos. 2016-4, 2017-2), and a Grant-
in-Aid for Scientific Research (C) (JP16K06745) from the
Ministry of Education, Culture, Sports, Science and
Technology (MEXT), Japan.
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