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Abstract—Ultrabroadband, intense terahertz (THz) waves can
be generated and detected using gaseous media as both the THz
wave emitter and sensor, with a bandwidth covering the entire
“THz gap” and well beyond. We review our most recent experi-
mental and theoretical progress in THz generation, detection, and
manipulation in laser-induced gas plasma. In the generation part,
emphasis will be on the case with two-color excitation of gaseous
media. Potential applications of these novel THz generation and
detection techniques will also be discussed and proof-of-principle
experiments are demonstrated.

Index Terms—Broadband terahertz (THz) source, coherent con-
trol, laser-induced gas plasma, photoionization, remote THz wave
sensing.

I. INTRODUCTION

A S THE last segment of the entire electromagnetic spec-
trum to be fully exploited, the terahertz (THz) frequency

range that covers from 0.1 to 10 THz has become a frontier for
research in physics, chemistry, biology, materials science, and
medicine. Recently, significant advances in THz science and
technology have opened up a wide range of potential research
opportunities. Applications including label-free DNA genetic
analysis, cellular-level imaging, chemical/biological sensing,
explosives detection, tomographic imaging, and nondestructive
testing have thrust THz research from relative obscurity to new
heights [1]–[4]. Meanwhile, some of the applications set higher
requirement on both THz wave sources and sensors, in terms
of THz pulse energy or peak THz electric field, bandwidth, and
signal-to-noise ratio. THz sources and sensors with high peak
electric field and ultrabroad bandwidth are highly desired.

Ambient air or selected gases, when excited with intense
femtosecond laser beams, exhibit a remarkable ability to gener-
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ate and detect pulsed (broadband) THz waves through nonlin-
ear optical processes. The use of air (or selected gases) as the
broadband THz wave emitter and THz wave sensor provides
superior bandwidth covering the entire THz gap and well be-
yond, extremely high THz electric fields, which are comparable
to those obtained with large-scale facilities, only accessible in
some national laboratories [5], and standoff sensing capability
in atmosphere, which was heretofore considered nearly impos-
sible due to the high-atmospheric moisture attenuation in the
THz frequency range.

Compared to the intense THz sources using solid-state ma-
terials, such as the THz source using lithium niobate (LiNbO3)
crystal with tilted-pulse front approach [6], THz air photonics
provides a spectral range covering from 0.2 to over 30 THz,
which is only limited by the optical pulse duration without suf-
fering from the phonon absorption and significant dispersion
in semiconductors and nonlinear crystals. The scheme using
difference-frequency mixing of two parametrically amplified
pulse trains from a single white-light seed provides extremely
high THz electric field (>100 MV/cm) and broadband spectral
coverage (over 40 THz) [7]. Nonetheless, the entire ultrafast
laser system used to generate and detect such extraordinary THz
waves is very complicated and is not commercially available up
to now. In addition, the THz waves reported in [7] are mul-
ticycle pulses rather than traditional single-cycle THz pulses,
and the main peaks in the spectra are mostly located beyond
10 THz. The ultrabroadband feature combined with sufficiently
high peak THz electric field makes THz wave air photonics a
unique tool for its applications in both broadband linear and non-
linear THz spectroscopic characterizations of various materials.

There are essentially three geometries for the THz genera-
tion from laser-induced plasma in gases, as shown in Fig. 1.
First, single-wavelength optical excitation is used to create gas
plasma and generate THz waves through the ponderomotive
force [8]; second, a fundamental beam (ω) is focused through
a very thin beta barium borate (BBO) crystal to generate sec-
ond harmonic beam (2ω), which is thereafter mixed with the
residual fundamental beam in the gas plasma to generate much
stronger THz waves [9]–[11], compared to the first case; and
third, coherent control method is used to individually control
the polarization and phase of each beam with an interferometric
phase compensator (PC) [12]. In addition, generation of THz
waves from biased plasma and long plasma filamentation in air
can be assigned to the first case [13]–[17].
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Fig. 1. Schematic illustration of three geometries for THz wave generation
in gases. (a) Single optical beam excitation (ω or 2ω) in which the THz wave
generation is attributed to the ponderomotive force to drive electrons and ions.
(b) Common setup with two-color excitation (ω and 2ω) in which a fundamental
beam (ω) is focused through a thin BBO crystal to generate second harmonic
(2ω). (c) A dichroic mirror (DM) combines the second harmonic beam with the
fundamental beam. Phase, amplitude, and polarization of both beams can be
controlled individually.

Fig. 2. (a) Schematic diagram of the experimental setup. The parabolic mirror
focuses the collimated THz beam; 2ω signal is produced by mixing the ω probe
beam and the THz field in the ambient air (or ionized air). PMT, photomultiplier
tube for the detection of the 2ω optical signal.

In the four-wave-mixing (FWM) approximation, the detection
of THz waves using air or selected gases as the sensing medium
could be treated as the reciprocal process of THz generation in
the case of two-color excitation, i.e., two fundamental photons
are mixed with a THz photon and create one second harmonic
photon, which is also called THz-field-induced second harmonic
(TFISH) generation [18], [19]. This novel detection technique
is also called THz-air-breakdown coherent detection (or later
on, renamed as THz-air-biased coherent detection), i.e., THz-
ABCD, as shown in Fig. 2.

In this paper, we review our recent progress on THz wave air
photonics (i.e., THz wave generation, manipulation and detec-
tion using air or selected gas as the THz emitter and sensor) and
discuss its potential applications in THz nonlinear spectroscopy
and remote THz wave sensing and identification.

II. THZ WAVE GENERATION FROM GAS PLASMA

A. Full-Quantum Mechanical Model

The physical mechanism of the THz emission in gas plasma
has been under debate for quite long time. There were typically
two models used to explain the nonlinear optical processes re-
sponsible for the THz generation in gas plasma. One is FWM
model [9], [12] and the other is asymmetric transient current
(ATC) model. Both of the models can partially explain the ex-
perimental observations and even predict some experimental re-

Fig. 3. (a) Illustration of the process by which the THz radiation is emit-
ted. High-intensity laser light composed of fundamental and second harmonic
frequency components (ω and 2ω) interacts with the atom, resulting in tun-
nel ionization. Some of the wave packets formed in the ionization process are
accelerated away from the atom and propagate outward (along the laser polar-
ization axis), resulting in a net THz dipole moment, which radiates (Ω). The
wave packets then interact with their surroundings, emitting bremsstrahlung,
which adds coherently, resulting in a second source of THz radiation. (b) and
(c) Calculated electron density distributions for argon subjected to an intense
optical field composed of fundamental and second harmonic pulses with phase
differences of 5π/12 and 11π/12, resulting in minimal and maximal asymmetry,
respectively.

sults. For examples, the detection of broadband THz waves with
laser-induced gas plasma was initially predicted by the FWM
model [19], and both FWM and ATC models predicted the co-
herent control of THz wave emission in gas plasma [9], [20].
The arguments were lying in three aspects: 1) the origin of the
third-order nonlinearity χ(3) is unclear in the FWM model;
2) FWM model cannot explain the threshold behavior; and
3) phase dependences of the THz emission efficiency in the
FWM and ATC models are completely different. In the FWM
approximation, the maximum THz emission occurs when the
relative phase between the fundamental beam and its second
harmonic is zero [9], [12], while in the transient current model
the relative phase for the maximum THz emission is π/2.

Recently, we built up a full-quantum mechanical model by
numerically solving the time-dependent Schrödinger equation
(TDSE) [21], which accurately describes the formation of the
relevant electron wave packets. We have shown that the full THz
emission process takes place in two steps: first, a broadband
pulse is produced through the asymmetric ionization due to
the laser–atom interaction, and then a second step, an “echo” is
produced by the interaction of the ionized wave packets with the
surrounding gas and plasma [22]. Fig. 3 illustrates the physical
picture of the process for THz generation from gas plasma, as
well as the electron density distributions for argon subjected to
an intense optical field composed of fundamental and second
harmonic pulses with phase differences of 5π/12 and 11π/12.
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Fig. 4. Three-dimensional quantum mechanical simulation of the effects of
changing the phase φ between the circularly polarized fundamental and second
harmonic pulses. (a) Electron expectation value trajectories in the dual-color
field. (b) Electron trajectories with the laser-driven quiver motion removed.
(c) Second time derivative of the trajectories showing the effective polarization
of the emitted radiation. (d) and (e) Final electron density distribution in the z–x
plane (scaled logarithmically) for the phases π and π/2, respectively. (f) Momen-
tum space electron density distribution for phase π/2 (scaled logarithmically,
bound states removed).

B. Coherent Control of THz Polarization

In order to further test this quantum mechanical model, we
use elliptically or circularly polarized ω and 2ω pulses as the
optical excitation. Results of the simulation using the above
model show that electrons ionized from an atom or molecule by
circularly or elliptically polarized femtosecond ω and 2ω pulses
exhibit different trajectory orientations as the relative phase
between the two pulses changes, resulting in the polarization
change of the emitted THz waves. Fig. 4 shows the simulation
results with circularly polarized optical ω and 2ω pulses.

In order to verify the simulation results, experiments are per-
formed with a Ti:sapphire amplified laser system, which delivers
0.8 mJ, ∼100 fs laser pulses at a central wavelength of 800 nm
with a repetition rate of 1 kHz. A PC in an in-line configura-
tion is employed, providing very reliable control of the relative
phase between the fundamental pulse (ω pulse) and its second
harmonic (2ω pulse), as shown in Fig. 5(a). We found that the
polarization orientation of emitted THz wave is rotated as the
relative phase between ω and 2ω pulses changes [23]. Fig. 5(b)
shows the THz intensity versus THz polarizer angle, and the
relative phase between the ω and 2ω pulses with right-handed
circularly polarized ω pulse and with elliptically polarized 2ω
pulse (with an ellipticity of about 1/11 in terms of optical in-
tensity). In particular, when both ω and 2ω beams are circularly
polarized, the THz polarization angle can be rotated arbitrarily
by simply changing the phase between the two optical pulses,
with the THz amplitude kept constant, as shown in Fig. 5(c).
These experimental results, in turn, can be completely repro-
duced by the numerical simulation using the quantum mechan-
ical model. Similar results have been observed independently
by Lindenberg’s group [24]. This new feature of THz waves
generated from gas plasma provides a novel approach for the
manipulation of the THz waves.

It is noteworthy that both the FWM model and the semiclassic
ATC model can be used to predict the above polarization effect.

Fig. 5. (a) Schematic illustration of the experimental setup. Inside the dashed
line is the in-line PC. BP, birefringent plate (α-BBO); QW, quartz wedges; DWP,
dual-wavelength waveplate; the red and blue arrows indicate the polarization
of the ω and 2ω beams, respectively. (b) THz intensity versus THz polarizer
angle and the relative phase between the ω and 2ω pulses with right-handed
circularly polarized ω pulse and with elliptically polarized 2ω pulse (with an
ellipticity of about 1/11 in terms of optical intensity). (c) THz intensity versus
THz polarizer angle and relative phase between ω and 2ω pulses when both
ω and 2ω beams are right-handed elliptically polarized with their ellipticities
both higher than 0.8 (which means that both of the ω and 2ω beams are close
to circular polarization).

Simulation results on the phase dependence THz wave emis-
sion efficiency with the quantum mechanical model suggests
that the relative phase between the ω and 2ω pulses, when the
maximum THz emission efficiency is obtained, is highly depen-
dent on the optical excitation intensity. At a moderate optical
intensity (say, around 1014 W/cm2), the maximum THz wave
emission efficiency is obtained when the phase is between zero
and π/2 [22]. However, experimentally, it is a challenge to deter-
mine the “absolute” phase between the ω and 2ω pulses unless
carrier-envelop-phase locked few cycle pulses are used. Results
also show that at very low optical excitation intensity the max-
imum THz emission efficiency occurs when the optical phase
approaches zero (which also can be concluded with FWM), and
that at extremely high intensity (theoretically approaches infi-
nite), the maximum efficiency can be obtained when the relative
phase is π/2 (which can also be concluded by semiclassic ATC
model). From the view of the phase-dependence THz emission
efficiency, we conclude that the quantum mechanical model ac-
tually bridges the FWM and ATC models.

III. DETECTION OF THZ WAVES WITH GAS PLASMA

Interaction between intense THz waves and laser-induced
air plasma not only can result in TFISH generation, but
also can significantly enhance the fluorescence emission from
laser-induced plasma. Both the phenomena can be utilized
for broadband (pulsed) THz wave detection, i.e., THz-ABCD
(THz-air-breakdown coherent detection/THz-air-biased coher-
ent detection), and THz-radiation-enhanced emission of fluores-
cence (THz-REEF). In this section, we will briefly review our
recent progress in THz-ABCD, and then, introduce THz-REEF
in more details.
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Fig. 6. Typical time-resolved second harmonic (SH) waveforms measured
with a gas sensor at different probe pulse energy from∼5 to 550 µJ, respectively.
The plasma threshold is between 80 and 110 µJ when a probe optical lens with
effective focusing length of ∼175 mm is used. The waveform offsets are shifted
for clarity.

A. THz-ABCD

The concept of broadband THz wave detection with laser-
induced plasma in gaseous media was firstly reported in 2006
[19]. In the FWM approximation, the basic mechanism for using
gaseous media to sense broadband THz waves primarily lies in
the TFISH generation through a third-order nonlinear process
[18], [19], [25], similar to the approach in [26]. The interaction
between the ω pulse and THz wave in gaseous media or laser-
induced gas plasma results in TFISF (2ω pulse), which can be
described in the following equation:

ETHz
2ω ∝ χ(3)Eω Eω ETHz (1)

where ETHz
2ω , Eω , and ETHz are the electric field amplitudes

of the 2ω, ω, and THz waves, respectively, and χ(3) is the
third-order susceptibility of the gas. Since ETHz

2ω ∝ ETHz , the
intensity of the measured second harmonic is proportional to
the intensity of the THz wave, i.e., ITHz

2ω ∝ ITHz . The phase
information is lost; therefore, the measurement is incoherent.

However, when a second harmonic local oscillator ELO
2ω is

introduced and interferes with the TFISH term ETHz
2ω , a coher-

ent cross term can be generated for coherent THz detection.
The total second harmonic intensity can be expressed with the
following equation:

I2ω ∝
〈
E2

2ω

〉
=

〈
(ETHz

2ω + ELO
2ω )2〉

=
〈
ETHz2

2ω

〉
+ 2

〈
ETHz

2ω ELO
2ω

〉
+

〈
ELO2

2ω

〉
. (2)

In (2), the second cross term is the key for coherent THz
wave detection using THz gas sensor. In the initial demonstra-
tion of THz-ABCD [19], the local oscillator ELO

2ω (400 nm) is
contributed from the 400 nm optical component of the white
light generated in the laser-induced air plasma through self-
phase modulation and self-steepening, and it depends on probe
beam intensity, and hence, plasma density. Fig. 6 shows the
probe-pulse-energy (intensity) dependence of the time-resolved
second harmonic waveform. One can see that as the probe pulse
energy increases, the time-resolved second harmonic waveform
changes from unipolar to bipolar, indicating that coherent de-
tection of pulsed THz waves can be realized when sufficient

optical probe energy (intensity) is used. In the case of Fig. 6,
when the probe pulse energy is higher than 440 µJ, coherent
detection dominates. Results shown in Fig. 6 also verified the
significance of the local oscillator for coherent detection. In the
aforementioned case, air has to be broken down in order to re-
alize coherent detection. Therefore, we named this technique as
THz-air-breakdown coherent detection, i.e., THz-ABCD.

In order to reduce the probe pulse energy (intensity) required
for coherent detection and further increase the signal-to-noise
ratio or dynamic range of the all-air-based THz time-domain
spectrometer, we applied an external ac bias across the focal
volume of the probe beam, introducing a second harmonic lo-
cal oscillator through external field induced second harmonic
generation. Using lock-in detection referenced to the ac bias
frequency (for optimal operation, an ac bias modulation fre-
quency is selected to be half of the laser repetition rate, say
500 Hz if the laser pulse repetition rate is 1000 Hz), the first
and third terms in (2) can be eliminated, leaving the coherent
cross term (the second term) as the output of the lock-in am-
plifier. The advantage of this new approach mainly lies in two
aspects [25]. First, since external biased field is utilized to gen-
erate second harmonic local oscillator, air does not have to be
broken down, which significantly reduces the probe pulse en-
ergy required for coherent detection as the previous case [19]
and leaves more pulse energy for the THz generation from gas
plasma—only about 100 µJ probe pulse energy is typically
needed for coherent detection; and second, since heterodyne
detection is realized, both the signal-to-noise ratio and dynamic
range can be significantly improved. Compared to the previous
case [19], the peak signal-to-noise ratio of the system based on
air-biased heterodyne coherent detection [25] is improved by
nearly an order (from about 200 to over 1000) with the same
lock-in amplifier time constant. Correspondingly, THz-ABCD
changes its meaning from “THz-air-breakdown coherent detec-
tion” to “THz-air-biased coherent detection.” The major noise
source of the THz-ABCD spectrometer is the laser pulse en-
ergy fluctuation of 1 kHz amplified laser systems. The current
upper limit of the signal-to-noise ratio is few thousands when
a lock-in amplifier time constant of 100 ms is selected. The
further improvement on femtosecond laser technology and the
utilization of higher repetition rate amplified laser systems will
significantly increase the signal-to-noise ratio of THz-ABCD
systems.

One important feature of the THz-ABCD is that the band-
width of the entire spectroscopy system is only limited by the
optical pulse duration. With sub-35 fs second laser pulses from
a Ti:sapphire amplified laser system (Coherent, Elite Duo), the
useful spectral range of a typical THz-ABCD system contin-
uously covers from 0.2 to over 30 THz [27]. Fig. 7 shows a
typical THz waveform and its spectrum (inset). The peak elec-
tric field shown in Fig. 7 is about 35 kV/cm when total optical
pulse energy of 700 µJ was used. However, our recent results
show that peak THz electric field of over 1 MV/cm can be
obtained with higher excitation pulse energy and more careful
design/construction of the THz system. Such experiments are
still under investigation and detailed results will be published
elsewhere.
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Fig. 7. THz waveform and its corresponding spectrum obtained with an all-
air-based spectroscopic system (THz-ABCD spectrometer) pumped and probed
by femtosecond pulses from a Ti:sapphire amplified laser system with a pulse
duration of sub-35 fs. The main panel shows the THz waveform and the inset
shows the corresponding spectrum with a spectral coverage over 30 THz.

Fig. 8. (a) Experimental schematics of THz-REEF from gas plasma. (b)
Electron acceleration in THz field and collision with neighboring molecules.
(c) Enhanced fluorescence spectra of nitrogen gas plasma. (d) Measured THz
field dependence of fluorescence and quadratic fit.

B. THz-REEF

The interaction between the THz wave and gas plasma is of
great importance to the THz wave detection, THz wave am-
plification, and plasma diagnostics [19], [22], [28]–[30]. The
nonvanishing nonlinear optical coefficient of the laser-ionized
gas allows the broadband THz wave detection via FWM process.
Due to the low THz photon energy and short picosecond pulse
duration, the THz spectroscopy is capable of offering in situ
and noninvasive plasma diagnostics with high temporal resolu-
tion. Recently, we investigated the THz-plasma interaction by
measuring the THz-REEF from laser-induced gas plasma and
developed an omnidirectional broadband THz detection method,
which holds great potential for remote operation [31]. We also
demonstrated that THz-REEF can be used for the plasma char-
acterization [32].

In the THz-REEF experiment shown in Fig. 8(a), the THz
pulse was generated through optical rectification of 350 µJ laser
pulse in LiNbO3 crystal. A tilted pulse front scheme was utilized
to match the phase velocity of the THz pulse and group velocity
of laser pulse, and therefore, high-energy conversion efficiency
(∼0.1%) was achieved [6]. The THz beam emitted from the

LiNbO3 crystal was collimated by an off-axis-parabolic (OAP)
mirror, and then, was collinearly refocused by another OAP
mirror to the focal region of the laser beam. The resulting peak
electric field of the THz pulse is calibrated to be 100 ± 2 kV/cm
in the plasma region (i.e., the foci of the laser beam) using a
0.2 mm GaP crystal as the THz wave sensor. The THz pulse
propagates through gas plasma induced by a femtosecond laser
pulse (80 fs, 800 nm, and 100 µJ) and the plasma fluorescence
emission is measured by a spectrometer [31]. The interaction
between the THz pulse and laser-induced plasma results in a
change of the electron motion. In the excitation of multicycle
laser pulses, the drift velocity of the ionized electron is almost
evenly distributed parallel to and antiparallel to the laser field.
Although the external THz field accelerates half of the elec-
trons and decelerates another half of the electrons, the total
kinetic energy of the electrons is increased by the THz field. In
laser-induced plasma, there exist many high-lying states formed
via absorption of multiple laser photons [33]. Compared to the
ground states, they are easier to be ionized by collisions with
energetic electrons. The energy transfer from the THz wave
to electrons would increase the rate of electron-impact excita-
tion/ionization of the highly excited molecules, as illustrated in
Fig. 8(b). As a result, the fluorescence emission is enhanced by
the THz field. Fig. 8(c) plots the measured nitrogen fluorescence
spectra with and without THz field. The enhanced fluorescence
∆IFL can be described as follows:

∆IFL ∝ ne

( ∞∑
i=1

〈∆Ei(τ, td)〉| �ET H z

−
∞∑

i=1

〈∆Ei(τ, td)〉| �ET H z =0

)
. (3)

Due to the nature of energy transfer process and the quasi-
continuum of high-lying states, the ∆IFL can be approximated
as the following when the electron relaxation time τ is much
shorter than THz pulse duration τTHz

lim
τ�τT H z

∆IFL ∝ ne
e2τ

2m

∫ +∞

td +tϕ

�E2
THz(t)dt (4)

where tϕ is the phase delay caused by the plasma formation
at the early stage. e and m are electron charge and mass. The
quadratic dependence of the enhanced fluorescence on the THz
electric field is experimentally verified, as shown in Fig. 8(d).

The enhanced fluorescence is also highly dependent on the
time delay between the THz pulse and plasma-generating laser
pulse, as shown in Fig. 9(a). The width of the fast rising edge
of ∆IFL(td) is about that of the THz pulse. The slow falling
edge represents the decay of the free electron density, which
determines the amount of energy transfer from the THz wave
to molecules. Fig. 9(b) shows the agreement between the THz
intensity and derivative of the enhanced fluorescence, which
can be explained by (4). Thus, the time-dependent fluorescence
contains the information of the time-resolved THz intensity.

Furthermore, THz-REEF can be used for coherent THz wave
detection if a local oscillator is introduced into the interaction
between the THz field and plasma. In the scheme of coherent
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Fig. 9. (a) Time-dependent ∆IFL (td ) and THz field. (b) Time-dependent
∆IFL (td ), �ETHz (td ), d∆IFL (td )/dtd , and �E2

THz (td ) on the rising edge.
All the data are normalized and offset for clarity.

detection, an external ac bias (20 kV/cm) with field direction
parallel to the THz field is applied onto the plasma as the lo-
cal oscillator �ELO . The electron velocity is influenced by both
�ETHz and �ELO simultaneously. The frequency of the ac bias is
set to 500 Hz, which is half the laser repetition rate 1 kHz. The
fluorescence signal is picked up by a lock-in amplifier, whose
modulation frequency is locked at 500 Hz. Therefore, the mea-
sured component of fluorescence signal can be expressed as
follows:

∆IFL ∝ τ

∫ +∞

td +tϕ

2 �ELO �ETHz(t)dt ∝ �ELO �A(td + tϕ ). (5)

Here, no square term ( �E2
THz or �E2

LO ) appears in the measured
signal because �E2

THz term is not modulated and �E2
LO term is

modulated at 1 kHz rather than 500 Hz. Thus, the vector potential
of the THz pulse �A(td + tϕ ) can be directly measured by using
heterodyne THz-REEF method. As a result, one can obtain the
information of the THz field through �ETHz = d �A(td)/dtd .

Fig. 10(a) shows the time-domain THz waveforms measured
by the electro-optical (EO) sampling and THz-REEF, respec-
tively. The results from two methods agree well. The corre-
sponding THz spectra were calculated by using fast Fourier
transformation and the results are shown in Fig. 10(b). The roll-
off of the THz spectra at 3 THz is mainly due to the absorption
of the LiNbO3 crystal at higher frequency.

THz-REEF holds great potentials in the area of light-plasma
interaction as well as in various promising applications, such as
broadband remote THz wave sensing, plasma diagnostics, etc.

IV. POTENTIAL APPLICATIONS WITH

THZ WAVE AIR PHOTONICS

The unique features of THz wave air photonics makes it-
self hold several promising applications, such as THz nonlinear
spectroscopy and coherent control of some physical process

Fig. 10. (a) Measured THz waveforms using heterodyne THz-REEF and
EO sampling, respectively. (b) Corresponding THz spectra after fast Fourier
transformation.

Fig. 11. Schematic illustration of the PC incorporated with a wedge pair:
DM used to separate or recombine ω and 2ω beams; HWP used to control the
polarization of the 2ω beam.

with intense THz waves, and THz wave remote sensing and
identification of explosives. Following are couple of examples
of our most recent proof-of-principle experiments in an effort
toward THz remote sensing and identification.

A. Remote THz Wave Generation in Ambient Air

For remote intense THz wave generation by mixing the ω
and 2ω pulses in laser-induced plasma in ambient air, one of
the biggest challenges is the temporal walk off between the two
pulses due to the dispersive nature of the air when they travel
in the air for a certain distance. Therefore, a device used to
compensate this walk off is the key to finally realizing standoff
THz wave generation. A PC used for this purpose [34] is shown
in Fig. 11.

A femtosecond pulse at 800 nm generates its second harmonic
pulse at 400 nm after passing through a type-I BBO crystal. The
ω and 2ω beams, which have their polarizations perpendicular
to each other, are separated by a dichroic mirror (DM). A half
waveplate (HWP) in the 2ω arm is used to rotate the polarization
of the 2ω beam. In the ω arm, a pair of fused silica wedges with
a small wedge angle is used to finely control the delay. Finally,
the ω and 2ω beams are combined with the second DM.
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Fig. 12. (a) Phase scan obtained by continuously changing the insertion of the
fused silica wedge pair while keeping the delay line for the THz waveform at
the peak THz electric field. The inset shows a zoomed-in portion of the phase
scan, indicating the precise control over the relative phase between ω and 2ω
pulses. (b) Two THz waveforms with opposite polarities due to π phase shift
induced by changing the relative insertion of the wedge pair in the PC.

Fig. 13. (a) Schematic illustration of the experimental setup for remote THz
wave generation from laser-induced plasma in ambient air. M1, convex spherical
mirror used to expand the optical beams; and M2, concave spherical mirror used
to remotely focus optical beams. (b) Three THz waveforms generated in ambient
air at distances of 6.5, 10, and 17 m, respectively, using 1-mm-thick ZnTe crystal
as the sensor.

Fig. 12(a) shows the phase curve obtained by changing the
insertion of one of the wedge while monitoring at the peak THz
electric field. Fig. 12(b) shows two THz waveforms obtained
with the relative phase between the ω and 2ω beams differed
by π (corresponding to 0.67 fs in time). Using this PC, we are
able to verify the feasibility to generate intense THz waves at
a distance of over 100 m by sending the ω and 2ω pulses and
focusing them locally [34].

For true remote THz wave generation in air, the two optical
beams (ω and 2ω beams) have to be focused remotely. Fig. 13(a)
shows an experimental setup with a reflective telescope for the
control of the distance at which plasma is created and intense
THz waves are generated. Fig. 13(b) shows three THz wave-
forms generated at distances of 6.5, 10, and 17 m, respectively,

using 1-mm-thick 〈1 1 0〉 ZnTe crystal as the local sensor. With
total excitation pulse energy of about 600 µJ after the PC, the
demonstrated peak THz electric fields at 6.5, 10, and 17 m are
approximately 5, 1.5, and 1 kV/cm, respectively. The THz field
strengths can be further increased with the use of higher excita-
tion pulse energy.

B. Remote THz Wave Sensing Using REEF

With THz-REEF technique, we are able to remotely sense
intense THz waves generated with lithium niobate crystal as the
THz emitter though tilted-pulse-front approach, by monitoring
the enhancement of the UV fluorescence emitted from laser-
induced plasma in ambient air. Results regarding this approach
will be published elsewhere [35].

The combination of the remote THz wave generation with
a PC and remote THz wave detection using THz-REEF will
finally lead to the THz remote sensing and identification of
biochemical materials for applications in homeland security and
environmental monitor.

V. CONCLUSION

The scope of THz wave air photonics is well beyond the
generation, manipulation, and detection with laser-induced gas
plasma, since the generation and detection processes in the laser-
induced plasma involve rather rich physics on plasma formation,
ionization process, and interplay process of strong-field ioniza-
tion, plasma dynamics, and THz-wave-induced electron heating
etc. In addition, the coherent control methods with PCs pre-
sented in our previous publications [12], [23] would be also
very useful tools for the coherent control of other physical
processes.
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