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Laser-induced plasma acoustic waves are enhanced under the illumination of single-cycle terahertz (THz) radiation,
making THz-enhanced acoustics (TEA) a useful method for THz wave detection. During a single-cycle THz pulse
with its peak field of 100 kV/cm, a pressure enhancement of 10% is observed throughout the acoustic spectrum up to
140 kHz, and the TEA signal is found to increase linearly with THz wave intensity. By using dual-color laser
excitation to manipulate free electron drift, it is possible to modulate the enhanced acoustic signal and recover

a coherent THz time-domain waveform by simply “listening” to the plasma.
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Laser-induced plasma continues to gain interest because
of its increasing number of scientific and technological
applications in photoionization [1], high-harmonic gen-
eration [2], laser-induced breakdown spectroscopy [3],
spark-induced breakdown spectroscopy [4], and the gen-
eration and detection of broadband terahertz (THz)
pulses [5-7]. Since the advent of millijoule, femtosecond
pulsed lasers, laser-induced plasma has been employed
to study the interaction between light and matter and re-
veal ultrafast dynamics of solids, liquids, and gases [8,9].
However, the respective fields of THz photonics and
photoacoustics have, for the most part, remained nono-
verlapping. Laser-induced plasma acoustic dynamics
under the influence of single-cycle electromagnetic radia-
tion and its underlying physical mechanism currently re-
main unexplored. The study presented in this Letter will
provide information relevant to THz wave detection that
may also be useful for other plasma applications, such as
laser plasma shock wave evolution, propulsion, plasma
heating, and plasma diagnostics.

In the experiment illustrated in Fig. 1(a), either a single-
color (800 nm) or a dual-color (800 nm + 400 nm) laser
pulse was focused in air to produce an acoustic pulse.
The case of single-color laser excitation is discussed
first. The total laser intensity at the focus was 103 —
10 W/cm?. Under illumination of an intense femtose-
cond laser pulse, photoionization of the molecules takes
place in the subpicoseond time scale. The laser field in-
creases free electron temperature, T',, to 10*~10° K, while
neighboring molecules or ions have a much lower
temperature, T,, [10]. In the following 10-8-10-" s, T, is
gradually increased through energy transfer from colli-
sions between hot electrons and their surrounding air mo-
lecules until thermal equilibrium is achieved [11,12]. This
rise in localized gas temperature produces a shock wave
that persists for a short distance [13] before relaxing into
an acoustic wave [14].

The waveform of the acoustic pulse was measured
with a broadband microphone (G.R.A.S. 40DP). A single-
cycle THz pulse with peak field of approximately
100 kV/cm, generated using the tilted pulse front optical
rectification technique in LiNiO3 [15], was spatially over-
lapped with the optical pulse (800 nm, 65 fs, 110 uxJ pulse
energy, 1 kHz repetition rate). When the time delay
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between the THz pulse and the optical pulse, ¢y in
Fig. 1(a), was negative (optical pulse preceding THz
pulse), the acoustic pressure wave was observed to be
enhanced by the THz field. Figure 1(b) shows the
measured acoustic waveforms with and without the
100 kV/cm THz field incident on the plasma. A 10% am-
plitude enhancement of the sound pressure in the entire
waveform was observed.

The inset of Fig. 1(b) shows the THz-induced pressure
enhancement in the frequency domain after Fourier
transformation of the single-pulse waveforms. The
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Fig. 1. (Color online) (a) Experimental schematic for the TEA

using single-color or dual-color femtosecond laser excitation.
(b) Single photoacoustic waveforms measured at a 5 mm
distance with (red dashed curve) and without (black solid curve)
a 100 kV/cm THz field. The inset shows acoustic spectra.
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acoustic enhancement ratio remains nearly 10% over the
entire bandwidth of the microphone (up to 140 kHz). A
pair of wire grid polarizers was used to determine the
acoustic enhancement dependence on THz intensity. A
lock-in amplifier measured the acoustic signal at
100 kHz, using the 100th harmonic of the laser repetition
rate (1 kHz). The inset of Fig. 2 shows the acoustic en-
hancement at 100 kHz for different THz intensities. Good
agreement between the measurement and the linear fit
shows that the enhanced acoustic pressure is linearly
dependent on incident THz wave intensity.

To study laser-induced photoacoustic dynamics under
single-cycle THz radiation, the acoustic signal at 100 kHz
was measured by varying the time delay {p. The results
are shown as the solid curve in Fig. 2. In region I, the THz
pulse leads the optical pulse in time and there is no
acoustic enhancement, because there is no interaction
between the THz pulse and the plasma; however, when
the field of the THz pulse begins to interact with the
plasma, a sharp rise in the acoustic signal is observed,
with the period of rising time comparable to the width
of a single-cycle THz pulse. In region II, following the
rise, a slow decay of the acoustic signal of the order
of nanoseconds is observed and agrees with the temporal
profile of the electron density decay due to electron—ion
recombination [16].

The enhancement of the acoustic pressure is attributed
to electron heating in the THz field and subsequent in-
creased temperature of air molecules through electron—
molecule collision. Since the electron relaxation time, z,
at atmospheric pressure is small in comparison to the
THz pulse duration [17], the pressure enhancement Ap
can be approximated as % I B (¢')*dt’ [18]. The quad-
ratic dependence on the THz field is also consistent with
the linear fit in the inset of Fig. 2. The calculated acoustic
pressure in Fig. 2 shows enhancement at a certain
frequency (e.g., f = 100 kHz) when using the equation
above as compared with the experimental measurement.

In addition to the case of single-color laser plasma ex-
citation, TEA has also demonstrated the ability to coher-
ently detect THz pulses using a dual-color laser-produced
plasma. By using the superposition of two optical pulses
(800 nm w and 400 nm 2w) linearly polarized in the same
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Fig. 2. (Color online) Measured TEA signal at 100 kHz as a
function of ¢p. Region I, THz pulse leads the optical pulse in
time; region II, THz pulse trails the optical pulse in time. The
dashed curve is the calculated TEA signal. Inset shows the
acoustic signal at 100 kHz for different THz intensities incident
on single-color laser-induced plasma and a linear fit.
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direction, the net electron drift inside the plasma can be
controlled by changing the relative phase between the
pulses, g [19]. The symmetry of drift velocity can be de-
termined by the THz wave generation from laser-induced
plasma as described in [20], and results are shown in the
inset of Fig. 3(a). The quasi-unipolar net drift is in the
parallel direction at a phase of +0.33 fs, while the quasi-
unipolar net electron drift is in the antiparallel direction
at the phase of -0.33 fs [21,22]. When a THz field is in-
troduced for each of these relative optical phase delays
between w and 2w, the electrons that experience the THz
field are either slightly accelerated or decelerated de-
pending on whether the THz field is antiparallel or par-
allel to the direction of the electron net drift. Scanning
the delay between the THz and optical pulses ¢j for a gi-
ven relative delay ¢t of —0.33 fs and +0.33 fs between the
w and 2w pulses, the rising enhancement curves for
opposite net electron drift directions are obtained. The
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Fig. 3. (Color online) (a) Time-resolved TEA signals obtained
for t =033 fs and tp = +0.33 fs. The inset shows the
measured THz wave generation from dual-color laser-induced
plasma at different { (no external THz field present). (b)
THz time-domain waveforms obtained using the THz-
enhanced acoustics method and EO sampling. The inset shows
corresponding THz spectra.
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results are plotted in Fig. 3(a). In both cases, there is
acoustic wave enhancement, which results from THz-
field-induced electron heating and increased electron—
molecule collision. However, under parallel and
antiparallel conditions, the free electrons will either be
decelerated or accelerated along the direction of the
THz field, contributing to the overall acoustic emission.
By subtracting the TEA curves for these respective
phases, both “background” acoustic emission from the
dual-color plasma and the second-order heating term
[~Em,(t)?] are canceled, since these are symmetric
for the dual-color ionization. This leaves only the change
in acoustic emission from electron momentum change by
the THz field before the first collision event [E'y, () first-
order term], after which the electron drift is randomized.
Therefore, Ap(-0.33 fs) — Ap(+0.33 fs) «x Eqy,(t) [23]. It
is also possible to recover the THz signal if, for one case,
we used a phase delay of 0 fs between w and 2w that pro-
duced a symmetric electron drift, and in the other pro-
duced a case of asymmetry (parallel or antiparallel).
We chose to use parallel and antiparallel delays because
this gives a factor of 2 in the pressure contribution from
the THz signal. To verify the equation above, the mea-
sured THz time-domain waveforms and spectra using this
method are compared with conventional electro-optic
(EO) sampling. From Fig. 3(b) and its inset, it is apparent
that these methods produce similar results and the loca-
tions of water absorption lines are consistent with
previously reported data [24].

In conclusion, it has been experimentally demon-
strated that the acoustic waves from a laser-induced plas-
ma can be enhanced under single-cycle THz radiation.
The TEA emission varies linearly with the THz intensity
incident on the plasma, and approximately 10% acoustic
enhancement is observed throughout the 140 kHz band-
width of the broadband microphone signal. TEA can be
attributed to THz plasma heating, through energy trans-
fer from the THz wave into translational motion of the
gas molecules. Potential applications of these experimen-
tal findings include a promising method for coherent THz
wave detection at remote distances, and as a diagnostic
tool for dynamic plasma interactions with electromag-
netic radiation.
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