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THz generation by a two-color pulse in prealigned molecules
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We demonstrate that the THz generation in air from a two-color pulse, composed of the fundamental and
second-harmonic waves, can be coherently controlled by field-free molecular alignment. By tuning its time
delay to properly match various molecular alignment revivals, the THz generation from the two-color pulse can
be promoted or decreased due to the spatial cross-(de)focusing effect and the alignment-dependent ionization
probabilities of the prealigned diatomic molecules in air. For the two-color pulse of orthogonally polarized
fundamental and second-harmonic waves, the polarization of the generated THz radiation can be controlled by
the field-free molecular alignment, which functions as a transient dynamic wave plate for the two-color pulse
with different phase velocities for the orthogonally polarized field components. The plasma effect on the THz
generation of the two-color pulse is also observed, leading to additional amplitude and polarization control of
the THz radiation.

DOI: 10.1103/PhysRevA.82.053416 PACS number(s): 33.80.−b, 33.15.Bh, 42.65.−k, 52.38.−r

I. INTRODUCTION

Generation of electromagnetic radiation in the frequency
region of terahertz (THz) has attracted ever-growing attention
for its fundamental significance and interesting applications.
THz generation through optical filamentation in gases [1–4]
is especially promising to achieve strong THz radiations at
remote targets without detrimental absorption attenuation by
the presence of water vapor in air. It was demonstrated that
the forward THz radiations could be enhanced by using two
partially overlapped parallel filaments [5,6], static electric-
field-biased intense filaments [7], or two-color filaments in
air [8–12]. A plasma current model was proposed to explain
such an enhancement of the THz generation. For instance,
a nonlinear transient electron current could be formed in
the filament driven by fundamental-wave (FW) and second-
harmonic (SH) two-color pulses due to their coherently
combined asymmetric laser fields that caused the electrons
drifting away from the ions to acquire a nonzero drift velocity
and thus resulted in simultaneous emission of THz radiation in
the far field. Owing to the highly nonlinear and phase-sensitive
nature of the plasma-current-based processes, the polarization
of the THz radiation could be controlled by changing the
relative phase of the FW and SH two-color pulses [13,14].
For many important applications, it is highly desired that THz
emission could be remotely controllable in an all-optical way.

Based on the intrinsic mechanism, the plasma-current-
based THz generation and high-harmonic generation (HHG)
in gas-phase atoms or molecules are closely relevant as
both involve semiclassical three-step processes [15]. The
instantaneous laser field enforces rapid tunnel ionization by
suppressing the atomic or molecular Coulomb barrier. The
peeled electrons are accelerated under the influence of the
driving laser field, and then recombine with the parent ions to
give off the energy gained from the laser field in the form of
high harmonics, or drift away from the parent ions to produce
nonlinear electron current responsible for THz generation.
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Recent studies showed that the HHG could be controlled
by manipulating the electron wave-packet dynamics with
molecular alignment [16] and that tomographic reconstruction
of the highest-occupied molecular orbital was accomplished
by high harmonics generated from intense femtosecond (fs)
pulses focused on aligned molecules [17]. It is of fundamental
interest to examine how molecular alignment affects the
nonlinear electron current and whether THz generation can
be controlled in the molecular alignment wakes.

In this work, we reveal some unique effects of molecular
alignment on THz generation driven by two-color filaments in
air. By matching the two-color pulses to appropriate revivals
of the molecular alignment created by an advancing collinear
molecular-alignment pulse (M-pulse), we experimentally
demonstrate that THz radiation can be remotely controlled in
an all-optical way and that the THz amplitudes and polarization
states can be changed with the molecular alignment revivals.
Different mechanisms were verified robust for the all-optical
control of the THz generation. Molecular alignment was
demonstrated to induce spatial cross-phase modulation (XPM)
that affected the intense fs filament dynamics, where the
alignment effects such as alignment-induced (de)focusing
competed or cooperated with the plasma defocusing and Kerr
self-focusing. Plasma density and plasma current changed with
the molecular alignment due to the alignment-dependent ion-
ization cross sections of the air molecules, while the ultrafast
change of the refractive index during the molecular alignment
revivals shifted the relative phase of the orthogonally polarized
components of the two-color pulses and thus induced ob-
servable changes of the combined asymmetric electric fields,
resulting in an alignment-dependent polarization rotation of
the generated THz. All those effects can be used to control the
THz generation, which offer convenient all-optical methods
to control the two-color-driven THz generation by properly
aligning the air molecules.

II. EXPERIMENTAL SETUP

The experiments were performed with a Ti:sapphire ampli-
fier at 800 nm of 1 kHz repetition rate. The 50-fs output pulse
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with the pulse energy of ∼2.3 mJ was split into strong and weak
ones with the energy ratio of 2:1. The strong FW pulse was
focused by a positive lens of f = 60 cm into a 200-µm-thick
type-I β barium borate (BBO) crystal to produce the FW and
SH two-color pulse for THz generation in air. The FW and SH
phase lag was compensated by using an x-cut 2.5-mm-thick
α-BBO crystal as the birefringence plate, and their relative
polarization was adjusted by using a two-wavelength wave
plate. The weak M-pulse with a tunable time delay for
air molecular alignment was focused by a positive lens of
f = 80 cm, which was then collinearly combined with the
two-color pulse after a thin film polarizer (TFP). The M-pulse
energy was adjusted by using a half wave plate before the TFP
which only reflected the s-polarized component. The focuses
of the M-pulse and two-color pulse were adjusted to spatially
overlap. At the end of the filament, a 3-mm-thick Teflon
filter was used to block the laser pulses. The transmitted THz
radiation was then collected and focused into a 1.5-mm-thick
ZnTe crystal [(110) cut] by two gold-coated parabolic mirrors.
The THz electric field was then characterized by a standard
electro-optic (EO) sampling measurement with a weak FW
pulse leakage after a high-reflective mirror as the probe. A
wire grid THz polarizer was inserted between the parabolic
mirrors to analyze the polarization of the generated THz
radiation [18].

III. RESULTS AND DISCUSSIONS

A. FW‖SH

We concentrated on the FW and SH two-color pulses of
parallel and orthogonal polarizations, denoted by FW‖SH and
FW⊥SH, respectively. We first studied the THz generation
from the two-color pulse with parallel polarized FW and
SH components (FW‖SH) in prealigned air molecules. The
FW and SH pulse energies in the two-color pulse were
measured to be 0.94 and 0.14 mJ, respectively. A plasma
filament of ∼2 cm in length was created by the focused
two-color pulse in air, whose dynamics was sensitive to the
media properties and could be affected by the advancing
M-pulse excitation. As previously demonstrated [19–21], the
onset position, the filament length, the field intensity, and
plasma density of the fs filament could be modulated by the
molecular alignment, Kerr, and plasma effects induced by an
advancing fs pulse. Here, these effects were used to control
the plasma-filament-based THz generation. Figure 1(a) shows
the measured THz amplitude as a function of the M-pulse
time delay, where the EO sampling probe pulse was fixed at
the peak of the THz electric field waveform [labeled as P in
Fig. 1(c)], and the transmission direction of the wire grid THz
polarizer was set parallel to the two-color pulse polarization.
The negative (positive) time delay accounts for the fact
that the two-color pulse was ahead (behind) the M-pulse.
Figure 1(b) shows the simulated molecular alignment [22]
signal � cos2θ⊥ � of air, where θ⊥ is the angle between the
molecular axis and the direction perpendicular to the M-pulse
polarization. The molecules were first aligned perpendicu-
larly to the two-color pulse polarization, and then revived
periodically with periods of 8.6 and 11.3 ps for N2 and O2,
respectively.
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FIG. 1. (Color online) (a) The measured THz amplitude at the
probe-pulse delay of P as labeled in (c) from the parallel polarized
two-color pulse as a function of the M-pulse time delay for various
M-pulse energies. (b) The simulated impulsive molecular alignment
signal of N2 and O2 in air observed along the direction perpendicular
to the M-pulse polarization. (c) The measured THz waveforms when
the two-color pulse was tuned to match different time delays for
M-pulse energy of ∼0.47 mJ. (d) The measured THz amplitude from
the two-color pulse as a function of the M-pulse energy for different
molecular alignment revivals.

Around zero time delay, the XPM between the orthogonally
polarized M-pulse and two-color pulse induced a refractive
index increase as δnKerr(r) = 1/3n2IM (r) [19,20], where n2

is the Kerr nonlinear coefficient of air. The two-color pulse
experienced an XPM-induced focusing of the spatial profile
proportional to the M-pulse intensity IM (r) and thus the
two-color pulse intensity increased in the interaction region.
Accordingly, the THz generation was enhanced around the
zero time delay.

After the zero time delay, the M-pulse induced plasma
with a negative refractive index change (δnplas ∼ −ρ/2ρcr,
where ρ is the electron density of plasma and ρcr ∼ λ−2 is
the critical density connecting with the laser wavelength λ)
introduced a cross plasma-defocusing effect, which reduced
the two-color pulse intensity and hence decreased the THz
generation. The higher plasma density was (by using a higher
M-pulse energy), the more the THz decreased. As the M-pulse
energy was increased to 0.6 mJ, as shown in Fig. 1(a), the
baseline of the THz amplitude decreased due to the plasma-
defocusing effect induced by the M-pulse ahead the two-color
pulse.

THz generation was then modulated periodically along the
periodic molecular alignment revivals [see Fig. 1(b)]. The
refractive index of the prealigned molecules was changed by
following δnmol(r,t) ∼ 2πρ0�α/n0[� cos2θ⊥(r,t) � −1/3]
[20], where �α, ρ0, and n0 denote the molecular polarizability
difference, initial molecular number density, and linear
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refractive index of the randomly orientated molecules, respec-
tively. As the Gaussian-shaped transverse profile of the M-
pulse induced a larger molecular alignment degree at the beam
center, perpendicularly aligned molecules with � cos2θ⊥ �
−1/3 < 0 caused a cross defocusing for the two-color pulse,
resulting in a decrease of the THz generation due to the
decrease of the two-color pulse intensity. Meanwhile, the
ionization probability of the perpendicular aligned molecules
was reduced for the lack of the double-well potential [16,23],
which, on the other hand, reduced the plasma density as well
as the plasma current, and accordingly decreased the THz
generation driven by the two-color pulse. In contrast, parallel
aligned molecules with � cos2θ⊥ � −1/3 > 0 introduced a
cross-focusing effect to the two-color pulse for its positive
refractive index change, which meanwhile increased the
ionization probabilities of the diatomic molecules [16,23]. The
modulation of the filament plasma density by the molecular
alignment has been clearly observed in previous experiments
[19–21]. The increased field intensity of the two-color pulse
and ionization probability of the diatomic molecules led
to the increase of the THz generation. Consequently, as
shown in Fig. 1(a), the THz amplitude was observed to
increase or decrease by closely following the periodic revivals
of the parallel or perpendicular molecular alignment. By
prealigning the air molecules with the M-pulse energy of
0.47 mJ, an enhancement of 15% of the THz amplitude was
observed at the parallel molecular alignment revival at delay C.
Figure 1(c) shows the THz waveform at various time delays
of the M-pulse as labeled in Fig. 1(a), where no noticeable
changes of the THz waveform shape and peak location were
observed.

There was a cooperation or competition between the molec-
ular alignment, plasma, and Kerr effects on the THz generation.
As shown in Fig. 1(a), the molecular-alignment-induced
modulation of the THz amplitude became more observable
as the M-pulse energy was increased to enhance the molecular
alignment degree. Meanwhile, the overall THz amplitude
was somehow decreased due to the plasma defocusing effect
when the M-pulse energy increased. This became much more
observable for the perpendicular molecular alignment revivals,
where the plasma effect and the molecular alignment cooper-
ated to defocus the two-color pulse for the THz generation.
Figure 1(d) shows the measured THz amplitude at the probe-
pulse delay of P as labeled in Fig. 1(c) as a function of the
M-pulse energy for two selected time delays C and D (1/2
revival of N2) as labeled in Fig. 1(a). Taking the parallel
molecular alignment revival at delay C as an example, for a low
M-pulse intensity of IM ∼ 1.5 × 1013 W/cm2, the re-
fractive index changes by the molecular alignment
and plasma were estimated to be δnmol ∼ 0.35 × 10−5,
δnplas FW ∼ −3.08 × 10−9, and δnplas SH ∼ −7.69 × 10−10

for a polarizability difference of �α ∼ 1.0 Å3 (electrostatic
units) and plasma density of ρ ∼ 1.08 × 1013cm−3, respec-
tively. The plasma effect was negligibly small and the THz
generation was actually dominated by the molecular alignment
effect. However, the plasma effect became noticeable for
the M-pulse intensity of IM ∼ 5.0 × 1013 W/cm2, where
the refractive index changes by the molecular alignment
and plasma were estimated to be δnmol ∼ 1.21 × 10−5,
δnplas FW ∼ −1.11 × 10−5, and δnplas SH ∼ −0.28 × 10−5 for
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FIG. 2. (Color online) (a) The measured THz amplitude at the
probe-pulse delay of P as labeled in (b) from the orthogonally
polarized two-color pulse as a function of the M-pulse time delay
for various M-pulse energies. (b) The measured THz waveforms
when the two-color pulse was tuned to match different time delays
for M-pulse energy of ∼0.3 mJ. (c) The measured THz amplitude at
the probe-pulse delay of P as labeled in (b) from the two-color pulse
as a function of the M-pulse energy for different molecular alignment
revivals.

a plasma density of ρ = 3.89 × 1016 cm−3, respectively. As
shown in Fig. 1(d) at delay C, an optimal THz enhancement
was observed around the M-pulse energy of ∼0.4 mJ and could
be attributed to the competition between the parallel molecular
alignment revival (cross focusing) and plasma effect (cross
defocusing). The THz intensity decreased gradually as the
increase of the M-pulse energy for the perpendicular molec-
ular alignment revival at delay D, where the plasma effect
cooperated with the molecular alignment to decrease the THz
generation.

B. FW⊥SH

The THz generation in the prealigned air molecules was
more interesting when the FW and SH components of the
two-color pulse were orthogonally polarized (FW⊥SH). The
FW and SH components of 1.0 and 0.11 mJ in the two-color
pulse were set to be perpendicular and parallel to the M-pulse
polarization, respectively. For this orthogonal polarization
case, we defined the parallel (perpendicular) molecular align-
ment as the molecule axis was parallel (perpendicular) to
the polarization of the FW components. Figure 2(a) shows
the measured THz amplitude at the probe-pulse delay of P

as labeled in Fig. 2(b) from the two-color pulse (FW⊥SH)
as a function of the M-pulse time delay. The transmission
direction of the wire grid THz polarizer was parallel to the
polarization of the SH component of the two-color pulse.
The THz generation exhibited a periodic intensity modulation
similar to the molecular alignment revivals. As the FW
component was more intense than the SH component, the
THz amplitude modulation followed the alignment-induced
cross-(de)focusing effect of the FW pulse.
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FIG. 3. (Color online) The measured polarizations of the THz
driven by (a) FW⊥SH, and (b) FW‖SH two-color pulse at various
M-pulse delays and energies. The M-pulse energies in (a) were
∼0.2 mJ (black squares), ∼0.4 mJ (red circles), and ∼0.6 mJ (blue
triangles), and in (b) were ∼0.27 mJ (black squares), ∼0.47 mJ (red
circles), and ∼0.6 mJ (blue triangles), respectively.

Interestingly, as shown in Fig. 2(a), the THz signal became
negative for the perpendicular molecular alignment revivals,
such as those at delays B, D, and F . It was due to the
time shift of the THz waveform as shown in Fig. 2(b) (for
the case at delay B). This kind of waveform change caused
the polarization rotation of the THz radiation as shown in
Fig. 3(a). This could be an effective approach to coherently
control the light-wave polarization in the THz spectral region,
where no polarization components such as half or quarter wave
plates are available so far. It has been recently demonstrated
[13,14] that the THz polarization from a two-color pulse
of differently polarized FW and SH components could be
controlled by changing the relative phase between the FW and
SH components. Here, as shown in Fig. 3(a), the observed THz
polarization rotation could be understood in a similar way. For
the perpendicular molecular alignment revivals with molecular
axis perpendicular to the FW polarization, but parallel to
the SH polarization, the refractive index was decreased and
increased for the FW and SH components, which increased
and decreased the propagation velocities of the FW and SH
components, respectively. Meanwhile, the refractive index de-
crease induced by the plasma was four times larger for the FW
pulse than that for the SH one, which made the FW component
to propagate faster than the SH one. As shown in Fig. 3(a) at
delay D, this cooperation between the perpendicular molecular
alignment revival and plasma effect significantly rotated the
THz polarization as compared to the case at the time delay H

ahead the M-pulse [see Fig. 3(a)]. However, for the parallel
molecular alignment revival, the refractive index was increased
and decreased for the FW and SH components, respectively,
which decreased and increased the propagation velocities of
the FW and SH components and might counterbalance the
propagation velocity difference introduced by the plasma
effect. As a result, as shown in Fig. 3(a) for the parallel
molecular alignment revivals at delay C, the polarization
rotation was small in comparison with the case at delay D.
The plasma effect on the THz polarization rotation was also
observed as shown in Fig. 3(a) at delay E for a relatively high
M-pulse energy with a noticeable plasma density.

The competition and cooperation between the molecular
alignment and plasma effects could be further identified by
changing the M-pulse energy. As shown in Fig. 3(a) at delay

C, the polarization changes were small as the increase of the
M-pulse energy due to the competition between the parallel
molecular alignment revivals and plasma effect. However, as
shown in Fig. 3(a) at delay D, the THz polarization was rotated
significantly as the M-pulse energy was increased due to the
cooperation between the perpendicular molecular alignment
revivals and plasma effect. As shown in Fig. 3(a) at delay H ,
almost no changes of the THz polarization were observed as
the M-pulse energy varied, since this time delay was set before
the coming of the M-pulse. Figure 2(c) shows the dependence
of the THz signal (along the SH polarization) on the M-pulse
energy. For the parallel molecular alignment revival at delay C,
the molecular alignment effect made the THz signal increase
with the M-pulse energy in the low M-pulse energy range
where the plasma effect was negligibly small. Nevertheless,
in the high M-pulse energy range where the plasma effect
played a significant role, the THz signal decreased with the
increase of the M-pulse energy. An optimal THz enhancement
was observed for M-pulse energy of ∼0.4 mJ and could be
attributed to the competition between the parallel molecular
alignment and plasma effects. As shown in Fig. 2(c), a similar
evolution trend of the THz generation was observed for the
perpendicular alignment revival at delay D, where the negative
value of the THz signal was due to the time shift of the THz
waveform related to the THz polarization rotation as shown
in Fig. 3(a) at delay D. For the case of parallel polarized
FW and SH components that experienced the same molecular
alignment direction, as shown in Fig. 3(b), the THz radiation
was almost linearly polarized, and no noticeable rotation of the
THz polarization was observed either the relative time delay
or the pulse energy of the M-pulse was changed.

IV. CONCLUSION

In summary, we experimentally demonstrated that THz
radiation generated by two-color pulse in air could be
coherently controlled by field-free molecular alignment. By
tuning the time delay of the two-color pulse to properly
match the molecular revival or varying the M-pulse energy,
the THz generation could be promoted or decreased. For
the two-color pulse of orthogonally polarized FW and SH
components, the THz polarization could be rotated by the
field-free molecular alignment and ionization-induced plasma
effect, which functioned as a transient wave plate in the THz
frequency range. This field-free control of THz radiation might
find promising applications in THz-based remote sensing in
air. A detailed numerical model is expected to get a deeper
insight of the experimental observations, and will also help
to further understand the previously mentioned effects in the
plasma-filament-based THz generation control.
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