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Abstract—Terahertz wave generation and detection using 
air as both the terahertz wave emitter and sensor media 
through nonlinear optical processes similar to four-wave 
mixing (named terahertz air photonics) were introduced. 
Due to the unique features of this technique, it is possible to 
find applications for terahertz air photonics in remote 
sensing and identification of explosives by sending optical 
beams rather than terahertz beams far away and generating 
and detecting terahertz waves in the vicinity of the target. As 
one of the most important steps for the standoff explosive 
detection application, we demonstrated standoff intense 
terahertz wave generation by sending an 800-nm 
femtosecond laser pulse and its second harmonic at a 
distance of 17 meters, which is the current limit allowed by 
the laser pulse energy and the length of our laboratory. A 
phase compensator was specifically designed to compensate 
for the temporal walk-off between the 800-nm pulse and its 
second harmonic travelling in dispersive air. 
 

1. INTRODUCTION 
Terahertz (THz) waves, commonly defined as radiation in 

the frequency range from 0.3 THz to 10 THz, may 
offerinnovative explosive sensing and imaging technologies 
that can provide structural and spectroscopic information 
unavailable in other portions of the electromagnetic 
spectrum. However, remote sensing and identification of 
explosives by directly sending THz waves to the target is 
very difficult due to the strong attenuation of THz waves by 
water vapor absorption in ambient air. 

Recently, THz wave generation, from laser-induced gas 
plasma with excitation by femtosecond pulses at both 800 
(ω) and 400 nm (2ω) through nonlinear optical wave-
mixing, has attracted greater attention due to its remarkable 
THz beam quality, directionality, bandwidth, and THz 
electric field [1-16]. A THz electric field of higher than 
100kV/cm has been obtained using a tabletop amplified laser 
system as the excitation source. Furthermore, THz wave 
generation and detection using air plasma as both the emitter 
and sensor has been reported [6,11-12]. This new technique, 
which is also called THz-Air-Breakdown-Coherent-
Detection (i.e., THz-ABCD), offers great flexibility in the 
choice of sensing location, since air is one of the most 

readily available resources in free space, and it provides for 
potential applications in THz remote sensing and 
spectroscopy (which were previously considered impossible) 
by sending optical beams instead of a THz beam to the 
vicinity of the target and remotely generating and detecting 
THz waves. 

 

2. EXPERIMENTAL METHODS AND RESULTS 

Due to the intrinsic properties of THz-ABCD, 
spectroscopic information of different materials with much 
broader spectral bandwidths can be obtained. This feature 
will potentially increase the accuracy of explosives sensing 
and identification, and reduce the false alarm rate. Figure 1 
shows a typical THz-ABCD time-domain spectroscopic 
system with heterodyne detection [11-12]. A femtosecond 
pulsed laser beam at 800 nm is split into two beams by a 
broadband optical beamsplitter. One beam is used to 
generate the THz waves, and another beam is used to detect 
the THz waves. First, the optical fundamental beam (800 
nm, ω) and its second-harmonic beam (400 nm, 2ω), after 
passing through a 100-µm thick type-I beta barium borate 
(BBO) crystal, are focused in air to produce air plasma. A 

 

 
Figure 1  - Schematic illustration of a typical THz-ABCD 
spectrometer with heterodyne detection.  The delay unit 
shown in the dash line is used to change the delay between 
the THz pulse and the optical probe pulse for the time-
resolved THz waveform scan. 
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very intense, highly directional, ultra-broadband THz wave 
is generated through a nonlinear optical process similar to 
four-wave-mixing during the ionization process induced by 
the two-color (800 and 400 nm) laser field. The emitted THz 
wave is collimated and refocused by a pair of parabolic 
mirrors. The refocusing mirror has a hole to allow the optical 
probe beam to pass through.  

To detect the THz waves in air, the THz wave and the 
optical probe beam are focused at the same focusing point 
(the second plasma).  A high voltage DC bias field is applied 
across the plasma. The THz-field-induced-second-harmonic 
and the DC-field-induced-second-harmonic at the beam 
focal spot are coherently added together for heterodyne 
detection [11-12], and is detected by a photomultiplier tube 
(PMT) with optical filters to block the fundamental beam 
and background light. Figure 2 shows a typical time-domain 
THz waveform and its corresponding spectrum obtained 
with the THz-ABCD spectrometer shown in Fig. 1. The 
spectral range of THz-ABCD can cover the entire “THz 
gap” (0.1~10 THz) and even more, without any absorption 
features in the spectrum. 

 Using the THz-ABCD spectrometer, we measured 
different explosive samples, as shown in Figure 3. One can 
see that, when measuring HMX, KClO4, TNT and NG 
(Nitroguanidine) samples, clear absorption spectra covering 
from 0.5 to over 6 THz can be obtained. Compared to the 
spectroscopic measurements of explosives with a 
conventional THz time-domain spectroscopic system, which 

usually has a bandwidth of about 3 THz [18], the THz-
ABCD spectrometer can reveal more spectral features 
(signatures) for each explosive, and hence can increase the 
accuracy for the sensing and identification of explosives. 

In order to finally realize THz wave remote sensing and 
identification, intense THz wave generation at standoff 
distances is one of the most important steps. To generate 
intense THz waves in air, the ω and 2ω pulses have to 
overlap both temporally and spatially at the plasma spot. 
Temporal walk-off between the ω and 2ω pulses, caused by 
the dispersion in ambient air after the pulses are sent out and 
focused remotely, is the most critical problem to be solved. 
Since ambient air is a medium with normal dispersion, after 
traveling in the air for a certain distance, the ω pulse travels 
faster than the 2ω pulse, causing the ω pulse to lead the 2ω 
pulse. Pre-compensation of such temporal walk-off can be 
solved using a phase compensator with attosecond phase-
control accuracy, as described in reference [17].  

The phase compensator is based on a typical 
interferometer, as shown inside the dashed line in Figure 4. 
A femtosecond pulse at 800 nm generates its second 
harmonic pulse at 400 nm after passing through a type-I 
Beta Barium Borate (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, instead of using a conventional 
retro-reflector combined with a translation stage to directly 
change the optical delay between the two arms, a fused silica 

 
 
Figure 3 - Measured absorption spectra of four different 
explosives with THz-ABCD spectrometer: (a) HMX, (b) 
KClO4, (c) TNT, and (d) NG (Nitroguanidine). 

 
 
Figure 2 - THz time-domain waveform and its
corresponding spectrum obtained with the THz Air-Break-
Coherent-Detection (THz-ABCD) spectrometer shown in
Fig. 1. The main panel shows the waveform in the time-
domain, and the inset shows the spectrum obtained by
discrete Fourier Transform of the waveform. 
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wedge pair with a small wedge angle of 2.8º is used to finely 
control the delay. Finally, the ω and 2ω beams are combined 
with the second dichroic mirror. The advantage of using the 
wedge pair as the optical delay device over the conventional 
optical delay line is that the wedge pair can convert 
relatively coarser mechanical stage steps to finer steps in 
optical delay through the relationship )tan()1( θτ −Δ=Δ nl , 

where lΔ is the step size of the mechanical translation stage,
n  is the refractive index of the fused silica at 800 nm in air, 
θ  is the wedge angle, and τΔ is the resulting optical delay 
step. In our current setup, a 0.5 μm step made by the 

mechanical translation stage is equivalent to an optical delay 
step of 11 nm, corresponding to about 37 attoseconds in 

time. Therefore, regular computer-controlled stages can be 
used for fine optical delay. Meanwhile, the delay instability 
solely caused by the translation stages or even piezo stages 
in conventional delay lines can be reduced by a factor of 90. 

With the above phase compensator, not only the temporal 
walk-off can be pre-compensated but also the relative phase 
between the ω and 2ω pulses can be finely controlled to 
optimize the THz wave emission efficiency. 

In order to generate very strong plasma at standoff 
distances, an optical telescope system in reflection geometry 
is used. Figure 5 shows the schematic diagram of the 
experimental setup. A negatively pre-chirped ω pulse from 
the amplified laser system generates its second harmonic 2ω 

 

Figure 6 - THz wave generation at different distances: 
three THz waveforms generated at distances of (a) 6.5 m, 
(b) 10 m, and (c) 17 m, respectively, detected through 
electric-optical sampling using a 1-mm, <110> cut, ZnTe 
crystal as the THz wave sensor [19].  

 
 

Figure 5 - Schematic illustration of the experimental setup
for remote THz wave generation from laser-induced air 
plasma: The middle panel shows the THz waveform
generated at a distance of over 10 m and the corresponding
spectrum, using 1 mm thick ZnTe crystal as the sensor. PC,
phase compensator; M1, convex spherical mirror used to
expand the optical beams; M2, concave spherical mirror
used to remotely focus optical beams. 
 

 

 

 
 
 
Figure 4 - Schematic diagram of the phase compensator
based on a typical interferometer: DM, dichroic mirror
used to separate or re-combine ω and 2ω beams; HWP,
half wave plate used to control the polarization direction of
the 2ω beam. 
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after passing through the BBO crystal inside the phase 
compensator shown in Fig. 4. Right after the phase 
compensator, the residual ω beam and the 2ω beam are 
collimated with the 2ω pulse leading with a time delay 
adjusted by the phase compensator. The collimated beams 
are expanded by a convex spherical mirror M1 and then 
focused by an 8-inch convex spherical mirror M2, 
respectively, creating a plasma at a certain distance. The 
generated THz wave is collimated and re-focused by a pair 
of off-axis parabolic mirrors and detected by a pyroelectric 
detector or through electric-optic (EO) sampling with a 1-
mm thick ZnTe crystal. 

Figure 6 shows THz time-domain waveforms obtained at 
distances of 6.5 m, 10 m, and 17 m, respectively, with total 
laser pulse energy of about 550 µJ and pulse duration of 
about 100 fs at a repetition rate of 1 kHz. The maximum 
distance, at which intensity THz waves can be generated, is 
mainly limited by the femtosecond laser pulse energy.  
 

3. CONCLUSIONS 
In conclusion, we demonstrated true standoff THz 

generation from laser-induced air plasma by remotely 
focusing optical beams far away at a maximum distance of 
17 m, which is limited by the excitation femtosecond laser 
pulse energy and the length of the laboratory room. This 
demonstration is one of the most important steps toward 
THz remote sensing and identification using air/air plasma 
as both the emitter and sensor media. Future work includes 
remote sensing of THz waves using air/air plasma as the 
sensor, increasing of the distance at which THz waves are 
generated, design of a new phase compensator with a 
simplified in-line configuration for easy alignment, as well 
as the remote sensing of explosives utilizing THz air 
photonics. 
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