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Effective manipulation of broadband terahertz emission, especially on spectrum tuning, is of great importance
for many applications. We demonstrate a method to realize frequency tuning of terahertz emissions from two-
color laser-induced air plasmas. The terahertz central frequency is switched from 0.56 to 0.82 THz by changing
the polarization state of the fundamental wave with a quarter-wave plate. Based on numerical simulation, it is
found that this frequency tuning is due to the birefringence effect induced by the fundamental wave on the second
harmonic inside the filament, which leads to a discrepancy on the polarization chirality of the two-color laser
components. Two-color lasers with opposite chirality will emit terahertz radiation with higher central frequency
compared to two-color lasers with the same chirality at moderate laser intensity. © 2022 Optica Publishing Group
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1. INTRODUCTION

Terahertz radiation, which lies in the frequency range 0.3—
30 THz, is of great importance for a wide range of applications
in communication [1,2], imaging [3,4], biomedical science
[5,6] and materials analysis [7,8]. Of particular interest for
these applications, laser-induced air plasma is a prevalent way to
generate terahertz emission due to its high field strength, broad
spectrum, and high flexibility [9-13]. For example, effective
manipulation of terahertz emission polarization [14,15], car-
rier envelope phase [16] as well as spectrum [12,17] have been
realized, which greatly enriches its application scenarios.

In many applications, spectrum tuning for broadband tera-
hertz radiation is critical. For example, in security applications,
spectrum tuning could improve the accuracy of inspection
for different substances [18]. In biochemistry, isomers of a
biomacromolecule feature with different bio-signatures in a
certain spectral region within the terahertz band [19]. Thus,
fine control of the terahertz spectrum can considerably improve
discrimination confidence. As for communication applications,
matrix structures of terahertz absorbers always work at a few
specific frequencies in order to expand its storage capability
[20]. Through spectrum tuning, the accuracy of reading and
writing of the matrix structures can be greatly improved.

For terahertz radiation from laser-induced air plasma, it is
now well established that spectrum tuning of terahertz emitted
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from laser-induced air plasma can be realized by either modu-
lating the pump laser [21-23] or introducing an extra DC-bias
[24,25]. Yamaguchi ez a/. demonstrated that the peak frequency
of the terahertz radiation can be tuned by introducing different
phase configurations to the pump with a spatial light modulator
[21]. Wang et al. found that the terahertz spectrum can be con-
trolled by tailoring the two-color laser beam with an iris, which
have effects on the plasma distribution along the filament [22].
Massaouti et al. presented that the characteristics of the filament
can be modulated by introducing a distortion in the laser beam
wavefront, which led to the adjustment of the waveform as well
as spectrum [23]. Furthermore, Wang ez al. [24] and Zhang et al.
[25] found that the central frequency of the terahertz radiation
can be shifted by applying an external DC-bias in a two-color
laser scheme.

In this paper, we experimentally demonstrate a method for
frequency tuning between two central frequencies for terahertz
emission from two-color laser-induced air plasma. The terahertz
central frequency is tuned from 0.56 to 0.82 THz by changing
the polarization state of the fundamental wave with a quarter-
wave plate. The mechanism of such phenomenon is attributed
by the birefringence effect induced by the fundamental wave
inside the filament, which leads to a discrepancy on the polari-
zation chirality of the two-color laser components. A two-color
laser with opposite chirality will emit terahertz radiation with
higher central frequency compared to a two-color laser with the
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Experimental setup and results. (a) Schematic of the experimental setup. (b) and (c) are the measured terahertz waveforms on the x-

direction and the y-direction and (d) the terahertz spectra. (¢) The peak-to-peak amplitudes of the terahertz waveforms and the total terahertz yield
measured at different QWP angles. HWP, half-wave plate at 800 nm. QWP2, quarter-wave plate at 800 nm.

same chirality in the experiment. This work provides a simple
way to realize terahertz frequency tuning.

2. EXPERIMENT AND RESULTS

An experimental setup is sketched in Fig. 1(a) for the generation
and detection of terahertz pulses emitted from a laser filament
excited by two-color laser pulses in air. A fundamental wave
(FW) with 1.8 m] pulse energy, 1 kHz repetition rate, and
35 fs pulse duration at 800 nm is intercepted by a B-barium
borate (BBO) crystal of type-I phase matching, which leads to
its second harmonic (SH) generation. The extraordinary axis
of the BBO crystal is fixed along the y-direction in the experi-
ment, which delivers an SH with y-oriented linear polarization.
Initially, the FW is linearly polarized, and its orientation is
parallel to the x-direction. The polarization of the FW can be
changed by introducing a quarter-wave plate (QWP) at 800 nm
to the FW beamline. The angle 6 is defined as the angle between
the fast axis of the QWP and the x-direction. The FW and its
SH are focused into air by a lens of 50 cm focal length, forming
a two-color laser filament with 12 mm length and ~100 pm
diameter. The terahertz radiation from this filament is collected
by a pair of off-axis parabolic mirrors and then measured by the
electro-optic sampling method with a 1-mm-thick ZnTe (110)
crystal [26]. A silicon wafer is used to separate the terahertz
radiation from the pump laser.

We measured the terahertz radiation from the two-color air
plasmas on two orthogonal directions (£ and E;HZ) by
counterclockwise rotating the angle of the QWP 0, as shown
in Figs. 1(b) and 1(c), respectively. The total terahertz yield

can be obtained through A2 + Aj, where A, and A4, are the

E;{HZ ETHZ

peak-to-peak amplitudes of and , respectively. When
0 changes from 0 to /4, i.e., the FW polarization changes
from linear to circular, the emitted terahertz yield increases first
and then decreases to a minimum around 6 = 77/4, as shown
in Fig. 1(e). Then, we continue to counterclockwise rotate the
angle of the QWP from 6 = /4 (circularly polarized FW) to
0 = 1 /2 (linearly polarized FW) and the emitted terahertz yield
increases first and decreases again. It is obvious that the terahertz
radiation is quite sensitive to the FW polarization. Meanwhile,
the evolution of terahertz spectrum as a function of the angle of
the QWP 0 is shown in Fig. 1(d). It is notable that its central fre-
quency can be switched abruptly from ~0.56 THz (0 < /4)
to ~0.82 THz (§ > m /4), which is accompanied by a flip in the
polarity of the terahertz electric field £, as shown Fig. 1(b).

3. THE FW-INDUCED BIREFRINGENCE EFFECT
ON THE POLARIZATION OF A TWO-COLOR
LASER FIELD

In order to investigate the origin of the frequency switch effect,
we first focus on the polarization evolution of the two-color laser
components when rotating the angle of the QWP The incident
FW is linearly polarized at the x-direction when 68 =0, so its
electric field in the laboratory coordinate can be expressed as

EL ()2, =1 E°| explion) [é] : 4)

where | E“| and w are the amplitude and the angular frequency
of the FW, respectively. When the FW successively pass through
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(a) Calculated polarization of the FW and the SH as a function of 6 at the beginning of the filament. (b) The polarization of the SH as a

function of 6 while propagating to z =4 mm and z = 12 mm, respectively. The polarization chirality for the FW and the SH is displayed from the

point of view of the receiver.

the QWP oriented at the angle of 8 and a BBO crystal with
extraordinary axis parallel to the y-direction, the two-color laser

field can be derived as
© . 1—17cos20 —isin20 1
Er(®)lay = | E7| explicwr) [ —isin26 1+ic0520:| [0]

+ RIE| exp(i2001) [?] ,
2

where R isa coefficient considering both the SH conversion effi-
ciency r and the change in the x-component of the F\W when 6
isvaried, i.e.,

2
Re» l—i—cosZQ. 3)
2
InEq. (2), the first term and the second term describe the electric
fields of the FW and the SH, respectively. Thus, the polarization
states of the FW and the SH at the beginning of the filament
(z=0) as a function of the QWP angle 6 can be calculated, as
shown in Fig. 2(a). When 6 changes from 0 to 7/2, the polariza-
tion ellipticity of the FW changes from 0 (linearly polarized FW)
to 1 (circularly polarized FW) and eventually back to 0, while
its polarization chirality remains left-handed. Meanwhile, the
azimuth angle or the major axis of the FW polarization ellipse
rotates by the same angle as the QWP angle 6. The SH remains
linearly polarized for 6 from 0 and 77 /2, with a modification in
itsamplitude according to Eq. (3).

When the two-color laser is focused into air, the ionized elec-
trons in the air plasma acquire a drift velocity due to the asym-
metric two-color laser field. These drifted electrons and ions will
form a dipole that radiates a terahertz pulse [15]. This dipole can
be derived as [15]

P= [ / PM(p) M(p)dp, 4

where p is the momentums of the ionized electrons in a two-
dimension matrix, and M(p) is the probability amplitude of
electrons in momentum space, which can be calculated using
the strong field approximation (SFA) algorithm [27].

Based on Egs. (2) and (4), the terahertz oscillating dipole
as a function of the QWP angle 0 can be calculated, as shown
in Figs. 3(c)-3(g), for some typical cases. Initially 8 = 0, the
orientation of the dipole is parallel to the y-direction. Later, the
dipole swings around this initial orientation with increasing
angle 6. The projections of the dipole amplitude on the x- and
y-directions correspond to the terahertz amplitudes on the x-
and y-direction s, respectively. In this way, the terahertz yield
as a function of  can be calculated, as shown in Fig. 3(a). The
evolution of the simulated terahertz yield for 0 < 6 < 7 /4 has
the same tendency and the same peak value as that calculated
for m/4 <60 < m /2 [Fig. 3(a)], while the measured terahertz
peak value for 0 <6 < 7 /4 is obviously lower than that for
/4 <6 <m /2 [Fig. 1(e)]. This leads to the first discrepancy
between the simulation and the observation.

Furthermore, according to Fig. 1(d), the central frequency
of the emitted terahertz pulses measured as 0 <6 < /4 is
obviously lower than that measured as 7/4 <6 < 7/2 in the
experiment, which corresponds to a lower plasma frequency.
The plasma frequency is calculated by [28] w, = /4w n.e*/m,
where 7, is the plasma density, and e and m are the charge and
mass of an electron. A lower terahertz central frequency is attrib-
uted to a lower plasma density inside the filament. Based on a
photocurrent model [29,30], however, the calculated ionization
probabilities by two-color laser excitation with the QWP angle
6 =1 /6 and 6 = 7 /3 reach the same value [Fig. 3(b)], i.e., the
same plasma density. This leads to the second discrepancy
between the simulation and the observation. Here, we choose
0 =7 /6 and 8 = 7 /3 for comparison because these two cases
are symmetric about the frequency switch point6 = 7 /4.

In the simulation for Fig. 3(b), the plasma density is derived
from the Ammosov-Delone-Krainov (ADK) tunneling model
[29,31],

dn, = w(r) Ny(2)dt, (5)

where 7, is the plasma density, w(z) the ADK ionization rate,
and N, the residual molecule density. In our simulation, the
laser intensity was taken as 5 x 10'> W/cm?, which is around
the clamping intensity for 800 nm laser in air [32]. Based on pre-
vious research [33], the first-order ionization of O, is about an
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Simulation results. The laser intensity was taken as 5 x 10'> W/cm? with 35 fs duration, which is close to the experimental parameters.

The SHG efficiency is set to be 9% or » = 0.3 in Eq. (3). (a) Calculated terahertz amplitudes on the x-direction (solid line) and the y-direction (dot-
dashed line), and the total terahertz yield (dashed line) at different QWP angles. (b) The time-dependent ionization probability with @ = /6 and
7 /3, respectively. (c)—(g) The corresponding electron distribution in momentum space with = 0, /8, 7 /4, 37 /8, and 7r/2. The dipole orienta-

tions are marked as white arrows.

order of magnitude larger than N, which means the former is
the dominant route of ionization for laser intensity in our exper-
iment. Hence, only the first-order ionization of O; is taken into
consideration with ionization potential energy U; = 12.06 €V.

To understand the difference between experimental measure-
ments and simulation results based upon the oscillating dipole
model described above, one needs to carefully consider the
coupling of the two-color laser components in plasma filaments,
which leads to the polarization change of the SH component as
described in the following. Actually, an intense FW can induce
a strong change in the refractive index [34,35], and a filament
would be anisotropic for a copropagating SH when the FW
is not circularly polarized. This will introduce an additional
birefringence-induced phase retardation to the copropagating
SH as

Ap*® = (%) nmAI%z, (6)
where 75 =7.4 x 1072 cm?/W is the nonlinear refractive
index of air [34], A?* is the wavelength of the SH, and z is the
propagating length through the filament. A7® is the differ-
ence in FW intensities between the major and minor axes of its
polarization ellipse, which can be indicated as

1 — (® 2
AI® = [° L)z 7)
14 (g2)
where /¥ and € are the intensity and the ellipticity of the FW,

respectively.

Based on the above discussions, the polarization of the SH
will be influenced by the FW-induced birefringence when these
two laser components co-propagate along the filament. At

the position z of the filament, the two-color laser field can be
expressed as
—1sin 20

E(t, D)y = E®| expliarr) [ 17 cos 29}

+ R|E°| exp(i Qe + ¢ + Ag))

9 15in 20(1 — exp(i Ap>®))
11+ exp(iA@*)) + 1 cos 20(1 — exp(i Ap*®)) |’
8)

where @ is the initial relative phase between FW and SH, and
Ag is the relative phase between FW and SH introduced by
the linear dispersion of the plasma [35] during propagation
inside the filament. In Eq. (8), the first term and the second term
describe the electric fields of the FW and the SH after concern-
ing the FW-induced birefringence during the co-propagation of
these two laser components along a filament, respectively.

Based on Eq. (8), we can obtain the evolution of the SH
polarization states as a function of the QWP angle € after propa-
gating for 4 mm (z =4 mm) and 12 mm (z= 12 mm) inside
the filament, as shown in Fig. 2(b). As is mentioned above, the
filament is anisotropic for the SH due to FW-induced bire-
fringence effect. Thus, the major axis of the FW polarization
ellipse, rotating by the same angle as the QWP angle 6, decides
the slow axis of the birefringent filament. The polarization of
the SH keeps linear along the filament at 6 =0 and 7/2, as
the SH polarization is perpendicular to the major axis of FW
polarization ellipse. Meanwhile, the filament is isotropic when
the FW is circularly polarized (0 = 7 /4), i.e., no birefringence-
induced phase is introduced for the SH, so the polarization of
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Fig. 4. Calculated terahertz amplitudes on the x-direction (solid
line) and the y-direction (blue dashed line), and the total terahertz
yield (red dashed line) at different QWP angles. In the simulation,
the relative phase between the FW and the SH is 97 /16, and the FW
intensity is 5 x 10" W/cm?. Other simulation parameters are the
same as Fig. 3.

the SH stays linear along the filament too. In other cases, the
polarization of the SH gradually becomes elliptical due to the
FW-induced phase retardation to the SH. Furthermore, the
chirality of the SH turns to left-handed for 0 <0 < 7 /4 and
right-handed for 7 /4 < 6 < 7 /2 due to the orientation differ-
ence on the slow axis of the filament. For comparison again, if
we focus on the SH polarization at @ = 77/6 and 6 = /3, then
the two typical cases locate symmetrically about the frequency
switch point6 = m /4. Itis interesting to note that, after coprop-
agating with the FW in the filament, the SH polarizations at
these two cases feature the same polarization ellipticities but an
opposite polarization chirality.

4. EFFECTS OF TWO-COLOR POLARIZATION
CHIRALITY ON TERAHERTZ RADIATION

Using the two-color laser field expressed in Eq. (8), terahertz
radiation from a dipole located at position z of the filament can
be obtained. The total terahertz radiation from a long filament
can be regarded as a supposition of terahertz radiation from each
oscillating dipole located along the filament [15]. In this way,
the terahertz peak-to-peak amplitudes on the x- and y-direction
s as well as the total terahertz yields can be calculated, as shown
in Fig. 4. It is clear that the two peaks in the curve of the tera-
hertz exhibit obvious differences after taking into account the
FW induced birefringence effect, which is consistent with the
experimental results [Fig. 1(e)]. Note that at 6 = /4, the FW
is circularly polarized, resulting in a lower ionization probabil-
ity compared to the linearly polarized FW [33]. This leads to
terahertz emission with a minimal yield at this QWP angle.

As discussed above, concerning the FW induced birefrin-
gence effect inside the filament, the polarization chirality of the
SH is inversed around 6 = 7 /4 while the chirality of the FW
remains left-handed. It has been well proven that the ionization
process of atoms or molecules is closely related to the polari-
zation [36] and the chirality of the laser field [37,38] as well as
its intensity. Figures 5(a) and 5(b) depict the time-dependent
ionization process as well as the electron current driving process
at the FW intensity of 5 x 10" W/cm?, which is close to our
experimental condition (a laser filament in air), and a higher
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FW intensity of 5 x 104 \W/cm2 (agasjetin vacuum) [37,38],
respectively. According to the photocurrent model [29,30], the
drift current can be derived as

J@) = / [ ev, (¢, )n, (£)d?, (9)

0]

where v, (¢, ¢') is the velocity of electrons born at = ¢’ with
the plasma density of 7,(#'), which can be derived by Eq. (5).
In the simulation, the polarization and chirality of the two-
color laser components utilized here is calculated at a filament
position of z=4 mm for the QWP angle of § =7/6 (FW
left-handed and SH left-handed) and 6 = /3 (FW left-
handed and SH right-handed). Note that with higher laser
intensity, the first-order ionization of N with ionization poten-
tial energy U; =15.506 ¢V becomes the dominant route of
ionization [33].

At the low laser intensity condition, as demonstrated in
Fig. 5(a), only few cycles close to the center of the pulse duration
can reach the threshold of ionization. Itis obvious that the atoms
are more easily ionized by the excitation of the two-color laser
components with opposite chirality. This means thata slight dif-
ference caused by the superposition of the two-color laser field
can lead to an apparent discrepancy on ionization probability at
the end of the laser pulse, i.e., two-color laser components with
opposite chirality provide higher ionization probability at this
laser intensity. As the terahertz central frequency is close to the
plasma frequency w, = \/4m n.e?/m, a higher ionization prob-
ability promises a higher plasma density, and hence a terahertz
radiation with a higher central frequency can be obtained from
a filament excited by a two-color laser with opposite chirality.
This result could qualitatively give an explanation for the exper-
imental observation that the central frequency of the terahertz
radiation obtained at 0 < 6 < /4 (FW left-handed and SH
left-handed) is lower than that obtained at 7 /4 < 6 < 7w /2 (FW
left-handed and SH right-handed).

Asthelaser intensity boosts high enough, the ionization prob-
ability will get saturated soon regardless of the chirality of the
SH, as shown in Fig. 5(b). This means that the frequency switch
phenomenon will not happen at such laser intensity. Moreover,
Fig. 5(b) shows that the ionized electrons are more efficiently
driven by a two-color laser field with the same chirality. As the
terahertz radiation is proportional to the derivative of the resid-
ual drift current [29], terahertz radiation with higher power will
be obtained from plasmas excited by a two-color laser with the
same chirality. This phenomenon has been demonstrated exper-
imentally with circularly polarized two-color laser-induced
plasma [37]. On the contrary, the laser field of the circularly
polarized two-color laser components with opposite chirality
is symmetric. In this case, ionized electrons will not form a
residual current, resulting in negligible terahertz emission [38].
Consequently, a at low laser intensity, as in our experiment,
two-color lasers with opposite chirality will emit terahertz radi-
ation with a higher central frequency compared to two-color
lasers with the same chirality. This leads to a frequency switch
between 0.56 THz and 0.82 THz in the experiment. However,
our simulation shows that this phenomenon disappears when
the laser intensity is increased by one order of magnitude.
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The polarization chirality of the FW is left-handed, and the other simulation parameters are the same as Fig. 3.

5. CONCLUSIONS

In conclusion, we have experimentally demonstrated a method
of central frequency switch for terahertz emission from two-
color laser-induced air plasma. The central frequency of
the broadband terahertz can be switched between 0.56 and
0.82 THz by changing the FW polarization with a QWP
Based on the theoretical analysis and numerical simulation,
this frequency switch phenomenon is attributed to the FW-
induced birefringence effect inside the filament, which modifies
the polarization state of the co-propagating SH. Around the
QWP angle for the frequency switch, the chirality of the SH is
switched while the chirality of the FW remains left-handed. The
chirality discrepancy would impact the ionization process as
well as the following drift process of the electrons, which leads
to the terahertz frequency switch as well as to the modulation
on terahertz intensity. Our findings provide a simple method
to realize frequency switch for broadband terahertz emission,
which has potential applications in many research fields.
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