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We report the use of a precise phase compensator for the generation of intense terahertz waves from
laser-induced gas plasma excited by a femtosecond pulse 共兲 and its second harmonic 共2兲 at both
close contact and standoff distances. The attosecond accuracy phase-control capability of the device
enables further optimization of the terahertz emission from gas plasma and elimination of the
temporal walkoff between the  and 2 pulses traveling in dispersive media, resulting in intense
terahertz generation at a distance of over 100 m by sending the optical beams far away and focusing
them locally. © 2009 American Institute of Physics. 关DOI: 10.1063/1.3068501兴
Recently, terahertz wave generation from laser-induced
gas plasma with excitation by femtosecond pulses at both
800 nm 共兲 and 400 nm 共2兲 through nonlinear optical wave
mixing has attracted greater attention due to the remarkable
terahertz beam quality and directionality, bandwidth, terahertz electric field, as well as its potential applications in
nonlinear terahertz spectroscopy and remote sensing and
imaging.1–10 However, the physical mechanism of the terahertz emission in gas plasma is still under debate. Up to now,
there are essentially two models used to explain the nonlinear optical processes responsible for the terahertz generation
in gas plasma, i.e., four-wave mixing model and asymmetric
transient current model. Both of the models can partially
explain the experimental results.1,6,11 Nevertheless, both
models indicate that the terahertz generation efficiency is
highly dependent on the relative phase between  and 2
pulses. Our previous experimental results proved that both
the polarization of  and 2 beams and the relative phase
between  and 2 pulses are very critical to the terahertz
generation efficiency.11 To more efficiently generate terahertz
waves using gas plasma as the emitter, precise and stable
controlling of the relative phase is very crucial. In this letter,
we reported the use of a phase compensator for more efficient terahertz wave generation from gas plasma with attosecond phase-control accuracy. Furthermore, using this
phase compensator we are able to generate stable, intense,
broadband terahertz waves by sending the two optical pulses
共800 and 400 nm pulses兲 far away and focusing them locally
to create air plasma with the compensation of the temporal
walkoff between the  and 2 pulses induced by the dispersion in ambient air, which will find potential applications in
terahertz remote sensing and imaging.
Our phase compensator is based on a typical interferometer, as shown inside the dashed line in Fig. 1. A femtosecond pulse at 800 nm generates its second harmonic pulse at
400 nm after passing through a type-I beta barium borate
共BBO兲 crystal. The  and 2 beams, which have their polarizations perpendicular to each other, are separated by a
dichroic mirror 共DM兲. A half waveplate 共HWP兲 in the 2
arm is used to rotate the polarization of the 2 beam. In the
 arm, instead of using a conventional retroreflector coma兲
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bined with a translation stage to directly change the optical
delay between the two arms, a fused silica wedge pair with a
small wedge angle of 2.8° is used to finely control the delay.
Finally, the  and 2 beams are combined with the second
DM. 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 very finer steps in optical delay through the
relationship ⌬ = ⌬l共n − 1兲tan共兲, where ⌬l is the step size of
the mechanical translation stage, n is the refractive index of
the fused silica at 800 nm in air,  is the wedge angle, and ⌬
is the resulting optical delay step. In our current setup, a
0.5 m step made by the mechanical translation stage is
equivalent to an optical delay step of 11 nm, corresponding
to about 37 as 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 piezostages in conventional delay lines can be reduced
by a factor of 90.
A 1 kHz Ti:sapphire amplified laser delivering about
800 J, 100 fs pulses with a central wavelength at 800 nm is
used. After the phase compensator, the  and 2 beams,
after passing through a certain distance in the air, are focused
by an aluminum coated parabolic mirror to create plasma, as
shown in Fig. 1. The total laser energy after the parabolic is
about 500 J, which corresponds to a throughput of about
62%. The terahertz waves generated from the plasma are
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FIG. 1. 共Color online兲 Schematic of the phase compensator incorporated
with a wedge pair: DM used to separate or recombine  and 2 beams;
HWP used to control the polarization of the 2 beam.
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FIG. 3. Phase scan at different distances obtained by continuously changing
the insertion of the fused silica wedge pair while monitoring the terahertz
average power with a pyroelectric detector. The optical beams 共 and 2兲
are focused locally by a parabolic mirror with a focal length of 8 in. after
traveling in the air at different distances.
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FIG. 2. 共Color online兲 共a兲 Phase scan obtained by continuously changing the
insertion of the fused silica wedge pair while keeping the delay line for the
terahertz waveform at the peak terahertz electric field. The inset shows a
zoomed-in portion of the phase scan, indicating the precise control over the
relative phase between  and 2 pulses. 共b兲 Two terahertz waveforms with
opposite polarities due to  phase shift induced by changing the relative
insertion of the wedge pair in the phase compensator.

collimated and refocused by a pair of parabolic mirrors 共both
with an effective focal length of 4 in.兲 and are detected using
electro-optic sampling with a 0.12 mm GaP crystal.12 Figure
2共a兲 shows an interferometric phase scan obtained by continuously changing the insertion of one of the wedges while
keeping the delay timing for the terahertz waveform scan at
the peak terahertz electric field with a distance between the
phase compensator and the focusing parabolic mirror less
than 0.2 m 共i.e., at close contact distance兲. With the precise
control of the relative phase between the  and 2 pulses, as
well as the control of the polarization of the 2 beam, a peak
terahertz electric field of over 60 kV/cm can be routinely
obtained in ambient air with total excitation energy of about
500 J. The inset of the figure shows the same phase curve
in an extended scale, which indicates capability of the phase
compensator for fine and stable controlling of the phase between the  and 2 pulses. Figure 2共b兲 shows two terahertz
waveforms obtained with the relative phase between  and
2 beams changed by  共corresponding to 0.67 fs in time兲,
respectively. Compared to previous work,11 in which a piezostage in combination with a retroreflector was used to
directly change the phase delay between the  and 2
beams, the waveforms obtained are much more stable due to
minimization of the phase fluctuation with the new phase
compensator.
To quantitatively compare the performances of our current and previous phase compensators, we evaluate them in
terms of both dynamic range 共DR兲 关i.e., DR defined as the
ratio between peak amplitude of the terahertz signal 共waveform兲 and the standard deviation of the noise background in
the absence of the terahertz pulse兴 and signal-to-noise ratio
共SNR兲 in time domain 共i.e., SNR defined as the ratio of the
terahertz peak amplitude to the standard deviation of the
terahertz peak amplitude兲. Both the DRs of the current phase
compensator and the previous one are about 10 000 with a

lock-in time constant 共TC兲 of 100 ms, indicating that the
terahertz wave generation efficiencies with both compensators are very similar. However, with our current phase compensator, a SNR of about 800 can be obtained while the SNR
with the previous phase compensator is no more than 100,
both with a TC of 100 ms. The significant difference in
SNRs is due to the better phase stability of our new approach.
To verify the feasibility of remote terahertz wave generation in ambient air with the phase compensator, terahertz
signals with different distances between the phase compensator and the parabolic mirror are tested. Figure 3 plots the
interferometric phase scans obtained by changing the relative
phase between  and 2 pulses while monitoring the emitted
terahertz power with a pyroelectric detector. Each terahertz
power phase curve shown in Fig. 3 shows a nonzero feature,
which is unexpected from the amplitude phase curve in Fig.
2共a兲. This seems related to the chirp of  and 2 pulses.
When the prechirp of the fundamental pulse from the amplified laser system is varied by changing gratings separation in
the compressor of the amplified laser, both the shape of the
phase curve and the ratio between the nonzero value and the
peak power can be changed significantly. Currently, we attribute the nonzero feature to the unbalanced chirp of  and
2 pulses, i.e., the  and 2 pulses cannot be near-chirp-free
pulses simultaneously.
The terahertz waveforms and spectra 共insets兲 shown in
Figs. 4共a兲 and 4共b兲 are obtained at distances of 42 and 116 m,
respectively, using 0.12 mm GaP crystal as the detector. As
shown in Fig. 4共b兲, at a beam propagating distance of 116 m,
the peak signal/noise ratio around 1.7 THz in the frequency
domain is greater than 100 with a TC of 100 ms, despite the
strong air turbulence existing in the experimental environment. It should be pointed out that when the optical beam
propagating distance is increased to over 20 m, additional
parallel glass plates have to be inserted into the 800 nm arm
of the phase compensator to further compensate for the increasing temporal walkoff between  and 2 pulses as the
distance increases. This result verified the feasibility of remote generation of broadband intense terahertz waves using
air or laser-induced air plasma as the emitting medium,
which is one of the most important steps toward standoff
terahertz sensing and identification.
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FIG. 4. Terahertz waveforms and spectra 共insets兲 generated by sending optical beams at distances of 共a兲 42 m and 共b兲 116 m, respectively, and focusing them locally using a parabolic mirror with an effective focal length of 8
in. The peak signal/noise ratio of the spectrum is greater than 100 with a TC
of 100 ms.

efficiency reduction will increase the difficulty of the optimization of the terahertz signal by changing the relative phase
between  and 2 beams since the phase curve is deformed
when the time plate is rotating. In terms of DR, our current
phase compensator has ⬃10% higher than the time plate.
Although in terms of SNR, the time plate is ⬃20% higher
than our current phase compensator due to the copropagation
of  and 2 beams in the case of time plate, the phase
tunable range of a time plate is very limited and can hardly
cover the entire phase scan, as shown in Fig. 2共a兲, even with
a 10 mm thick fused silica plate, which will become inapplicable in terahertz wave generation from air plasma at standoff distances.
In summary, we demonstrated the use of a phase compensator for high-efficiency terahertz wave generation from
laser-induced gas plasma with attosecond phase compensation accuracy, which will find potential applications in remote terahertz generation from laser-induced gas plasma for
remote sensing and identification, as well as in coherent control of some other physical processes excited by femtosecond
laser pulses.
This work is partially supported by the Office of Naval
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1

The phase compensator demonstrated here cannot only
be used to optimize terahertz emission from laser-induced
gas plasma but also can be used in coherent control of
plasma formation, high harmonic generation in gas plasmas,
and other physical processes with the excitation by femtosecond pulses. For some experiments where a gas cell is used,13
the compensation of the temporal walkoff caused by a thick
optical window of the cell and the optimization of the relative phase between  and 2 pulses with the phase compensator demonstrated here are very crucial for efficient terahertz generation. Compared to other phase compensation
methods, our phase compensator has advantages such as its
wide phase tuning range crossing zero and better phase stability. For example, another phase compensation method
with a time plate, made of either fused silica or ␣-BBO, as
demonstrated in Refs.1 and 14, will cause lateral displacement between the  and 2 beams which will significantly
reduce the terahertz generation efficiency 共⬃20% reduction
in amplitude when a 0.192 mm fused silica time plate is
rotating from the first optimal peak at about 22° to the third
optimal peak at about 48°兲 in tight focusing geometry, as has
been verified in another independent experiment. The above
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