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We conduct a frequency spectrum experiment to investigate terahertz (THz) emissions from laser-induced air plasma
under different laser incident powers. The frequency spectra are measured using both air-biased-coherent detection and a
Michelson interferometer. The red-shift of the THz pulse carrier frequency is observed as a response to increased pump
power. These phenomena are related to plasma collisions and can be explained by the plasma collision model. Based on
these findings, it is apparent that the tuning of the THz carrier frequency can be achieved through regulation of the pump

beam.
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1. Introduction

Since it was first predicted in 1993, terahertz (THz) emis-
sion generated by a laser focused in the air has aroused a
considerable amount of interest in various fields,!"?! includ-
ing material characterization, nondestructive evaluation, and
biomedical and pharmaceutical testing.[>~7! An ultrashort laser
fundamental (@) and second harmonic (2®) pulses are co-
focused in the air to ionize the air molecules, and thus gener-
ate a THz wave through four-wave mixing.[3-1%) In this model,
a highly nonlinear and phase-sensitive asymmetric laser field
can be generated, in which the bound gas-phase electrons can
acquire a nonzero drift velocity and produce a free electron
current with simultaneous emission of THz radiation in the
far-field.!'3] However, previous studies regarding THz genera-
tion performance in laser-induced air plasma have mainly con-
centrated on the intensity of the measured THz pulse, whereas
carrier frequency information has been largely ignored.

In the present experiment, the intense THz radiation
emitted from the ionized air plasma described above is ob-
served to have a broader frequency band and higher power
than that emitted from photoconductive antennae and electro-
optic crystals. The frequency broadenings of the THz wave
generated at various gas pressures!'?! and in different gas
environments!!'*! are measured. Then, we determine exper-
imentally that the carrier frequency moves to the low fre-
quency range if the pump power, Bymp, of the laser is in-
creased. This phenomenon can be observed using both the
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Michelson interferometer system and the air-biased-coherent-
detection (ABCD) system. Finally, the redshift of the THz-
pulse carrier frequency is discussed based on the plasma colli-
sion model.

2. Experimental methods and results

A schematic illustration of the THz ABCD setup is shown
The THz field in this detection setup is de-
tected through the measurement of the THz-field-induced sec-

in Fig. 1.

ond harmonic 2@ pulse.[!'>1%] The laser used is output from
a Ti:sapphire regenerative amplifier (Spectra-Physics Hurri-
cane), and has an 800-nm center wavelength, a 1-kHz repeti-
tion rate, and 50-fs pulse duration. The laser beam is split into
two parts: a pump beam and a probe beam, and a 100-pum-
thick type-I beta barium borate crystal is used in the pump
beam to generate the second harmonic beam 2®. A convex
lens with a 150-mm effective focal length mixes the funda-
mental beam with the second harmonic 2@ beam at the air
point in front of a parabolic mirror, PM1, which subsequently
generates the THz wave. A half-wave plate and a Glan prism
are placed in the pump beam path before the lens to allow
Pyump to be adjusted. During operation, the superimposed fun-
damental and second harmonic optical fields tunnel-ionize the
air and drive a time-dependent current, leading to THz emis-
sion in the forward direction. The THz emission is then col-
lected and focused by two pairs of off-axis parabolic mir-
rors. The probe beam, focused by a 125-mm convex lens,
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co-propagates with the THz beam by passing through a hole
on the back of the 4th parabolic mirror PM4 in the THz beam
path. The THz and optical beams are then focused collinearly
onto the same spot where the THz field induces the second-
harmonic field, EJH
a 1-mm gap is placed across the beam focus point, with a
~ 2 kV, 500-Hz ac bias (synchronized with the laser repeti-

tion rate), which induces the second-harmonic field, E%a? . The

. A pair of wire-shaped electrodes with

sum of the two fields (EJ5” + EX9), is filtered by a pair of 400-
nm band pass filters and collected in the photomultiplier tube
(PMT). The signal from the PMT is measured using a lock-
in amplifier following the 500-Hz bias modulation frequency.
The area within a black rectangular frame in Fig. 1 is purged
by the nitrogen gas to eliminate water absorption lines and the

relative humidity in the chamber is below 4%.
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Fig. 1. (color online) Schematic diagram of the ABCD experimental system.

Figure 2 shows the THz frequency spectra for different
Poump values in the ABCD system. Here, the pump intensity is
increased while the probe power is kept constant and the spec-
trum of the generated THz radiation is obtained by the Fourier
transform of the time-domain signal. We can see from the
frequency spectrum that the carrier frequency decreases from
15.30 THz to 12.26 THz. The inset shows the Fourier compo-
nents of the wave forms.
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Fig. 2. (color online) Frequency spectra for the different pump powers,
measured using the ABCD system. The dashed line indicates the shift in
the central frequency and the inset gives the detected THz time-domain
waveform of the 600-mW pump power.

As a result of the particular THz detection method used
in the ABCD system, the THz frequency-domain spectrum is

easily affected by the change in the pulse-width of the probe
beam. In order to further verify our experimental results, we
use the Michelson interferometer system instead, which can
detect the THz signal directly. Figure 3 shows a schematic
of the Michelson interferometer setup. Here, THz radiation is
generated by mixing the fundamental frequency with its sec-
ond harmonic, which is identical to the production method of
the ABCD system. A 0.4-mm-thick, high-resistivity silicon
wafer is used as a THz beam splitter and the THz radiation
is detected by a Golay cell equipped with a 6-mm-diameter
diamond input window (Microtech SN:220712-D). It has an
approximately flat response over a broad spectral range. The
voltage signal of the detector is fed into a lock-in amplifier
following 15-Hz modulation frequency. The system is purged
with dry nitrogen gas to eliminate the absorption of the water
vapor in the ambient air and, during operation, the relative hu-
midity is below 4%. The corresponding THz frequency spec-
trum can then be obtained using the Fourier transform of the
autocorrelation trace.

Figure 4 gives the frequency—domain spectra of the THz
emission, and the redshift of the carrier frequency can be ob-
served. Compared to the PMT, which functions as the second
harmonic detector in the ABCD system, the Golay cell can di-
rectly detect the THz signal (which can be easily influenced
by the surrounding environmental factors), rendering the THz
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spectrum curve smoother than that generated using the PMT.
As the high resistivity of silicon affects the THz absorption, an
absorption peak can be observed in the THz frequency spec-
trum generated by the Michelson interferometer system. It is
apparent that the carrier frequency decreases as Poump changes
from 200 mW to 600 mW. The inset of Fig. 4 shows a time-
domain spectrum of the Michelson interferometer system.
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Fig. 3. (color online) Schematic diagram of the Michelson interferom-
eter system PM1, PM2: Parabolic mirrors.

Figure 5 shows the linear variations of carrier frequency
with Byymp in the Michelson system (a) and the ABCD system
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(b) and their slopes are found to be kapcp = 0.387kmichelson =
0.379 and kapcp = 0.387, respectively. In the two different
sets of detection systems, the carrier frequencies decrease lin-

early with Bymp increasing in similar slopes.
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Fig. 4. (color online) Frequency spectra for the different pump powers,
measured using the Michelson interferometer system. The dashed line
indicates the shift of the central frequency. The inset gives the detected
autocorrelated trace of the THz signal for a 600-mW pump power.
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Fig. 5. (color online) (a) Linear fit of the central frequency versus pump power measured in the ABCD system. The slope of the curve
is k =0.387. (b) The linear fit of the central frequency versus the pump power, measured in the Michelson interferometer system. The

slope of the curve is k = 0.379.

3. Discussion

The reason for the change in carrier frequency in response
to different Poump values relates to the THz generation process,
which can be understood on a phenomenological basis of in-
volving a four-wave mixing process in plasma. THz waves
are generated from laser-induced air plasma. Therefore, elec-
trons, ions, and neutral particles that exist in the plasma collide
with each other, and the interactions among these particles can
cause interference in the plasma state.['”l As a result of these
collisions within the plasma, it can be deduced that the redshift
of the THz carrier frequency may be affected by the number
of ions per unit volume, Np, which is determined by Pyymp. %!
This can be expressed as

oy = %N@VO’ , €))
where 8, is the change in carrier frequency, v is the relative

speed of the atom, and o is the collision cross section. The
carrier frequency moves to the low frequency region with the
increase of Fyump, and the carrier frequency is proportional to
the number of plasma ions per unit volume, i.e. 8, o< Ny. With
the increase of laser power, Ny increases proportionally, i.e.
Oy o< Poump. As indicated in Fig. 5, the THz carrier frequency
is related to Pyump, and it can be controlled by the laser power.
This inference is supported by our experimental results. Such
a behavior reveals that the THz carrier frequency may be re-
lated to the number of ions and can be controlled by changing

the pump power.

4. Conclusion

The results presented in this paper demonstrate that red-

shift of the carrier frequency of THz pulses generated from
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laser-induced air plasma occurs with the enhancement of
Poump. Through analysis of the carrier frequency response to
varying Pyump, using both the ABCD detection system and a
Michelson interferometer, it is apparent that the carrier fre-
quency moves to the low frequency range by increasing the
laser pump power. This phenomenon can be explained by us-
ing the plasma collision model and adopting the number of
ions per unit volume as a parameter as well.
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