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Highly efficient broadband terahertz generation
from ultrashort laser filamentation in liquids
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Moniruzzaman Shaikh1, Deep Sarkar1, Amit D. Lad1, Stelios Tzortzakis 2,4,5, Arnaud Couairon6

& G. Ravindra Kumar1

Generation and application of energetic, broadband terahertz pulses (bandwidth ~0.1–50

THz) is an active and contemporary area of research. The main thrust is toward the devel-

opment of efficient sources with minimum complexities—a true table-top setup. In this work,

we demonstrate the generation of terahertz radiation via ultrashort pulse induced fila-

mentation in liquids—a counterintuitive observation due to their large absorption coefficient

in the terahertz regime. The generated terahertz energy is more than an order of magnitude

higher than that obtained from the two-color filamentation of air (the most standard table-top

technique). Such high terahertz energies would generate electric fields of the order of

MV cm-1, which opens the doors for various nonlinear terahertz spectroscopic applications.

The counterintuitive phenomenon has been explained via the solution of nonlinear pulse

propagation equation in the liquid medium.
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Energetic, broadband terahertz pulses generated by compact,
table-top femtosecond (fs) lasers can drive major advances
in ultrafast dynamics, nonlinear terahertz optics, and bio-

material imaging1–4. Over the years, several approaches were
undertaken to develop compact, coherent, tuneable terahertz
radiation sources using interaction of short-pulse laser with
various targets5–8. Among these, terahertz generation via two-
color filamentation in gases is the most popular mechanism due
to the ability of scaling the terahertz energy and wavelength
through control of the input laser parameters9–12. However, this
scaling is limited by the laser pulse energy, motivating the search
for alternative mechanisms, either requiring crystals13, 14, or
vacuum technologies15, 16. Exploration of other simpler means of
high energy, broadband terahertz generation is an active area of
research.

Intense laser interaction with liquids has been studied by
various researchers interested in filamentation in condensed
media17. A plethora of nonlinear phenomena observed during
filamentation in gases, like self-phase modulation, wave-mixing,
supercontinuum generation, pulse compression etc., become
much more pronounced in liquids due to the orders of magnitude
higher nonlinear susceptibility and larger neutral density (>1021

cm−3) compared to gases18, 19. Therefore, one may expect that
physical mechanisms like symmetry-broken current
generation9, 20, multi-wave mixing21, 22, Raman downshifting23,
and Cherenkov emission24 would be magnified in liquids leading
to strong terahertz generation. Surprisingly, there has been little
effort to explore this potential, owing primarily to the fact that
liquids present strong absorption in the terahertz regime25, 26.
However, if the generation mechanism is efficient enough, resi-
dual terahertz radiation may emerge from the liquid medium
despite the absorption.

Here, we unravel the full potential of broadband terahertz
generation in liquids under intense, femtosecond laser excitation.
We study the dependence of the terahertz yield on input laser
intensity, determine the polarization of the generated terahertz
radiation and measure its spectrum. We show that using single-
color filamentation in liquids, one can generate ultra-broadband
terahertz radiation (bandwidth ~100 THz) with energies up to 76
μJ/pulse (at laser energy ~28 mJ), that are an order of magnitude
higher compared to two-color filamentation in gases. Our simu-
lations show that due to extremely efficient spectral broadening in
liquids, significant laser energy transfers to frequencies around
the pulse second harmonic, which in turn leads to the formation
of an asymmetric plasma current and thereby generation of ter-
ahertz radiation in a way similar to the two-color filamentation
scheme in gases. Finally, we demonstrate the potential of our
source for nonlinear terahertz optics studies, by conducting an
experiment on intensity-dependent nonlinear transmission of the
generated terahertz radiation in a doped silicon wafer. It is
observed that under the same laser input and terahertz focus
conditions, the terahertz radiation generated from the liquid by
single-color filamentation induces two times larger terahertz
transmission than that due to terahertz produced from air by
standard two-color filamentation.

Results
Setup for terahertz generation and detection. The schematic of
the experimental setup is shown in Fig. 1. An 800 nm, 48 fs laser
pulse (peak energy ~5–50 mJ, 10 Hz repetition rate) is focused by
a lens with focal length f= 500 mm into a 50 mm long infrasil
cuvette, filled with the target liquid. The radiation emitted during
filamentation inside the liquid is collected and guided onto a
broadband pyroelectric detector (PED) (Gentec-THZ-5I-BNC-
BL) located at the point F1. Various filters are used to cut off the

visible and mid-infrared (mid-IR) radiation (see Methods). To
compare our signal to the two-color filamentation in air, we
remove the cuvette and place a 0.2 mm thick beta-barium borate
(BBO) (type-I) crystal in the beam path (~400 mm from the lens).

Energy and polarization measurements. The integrated broad-
band terahertz energy measured for various liquids as a function
of laser energy is shown in Fig. 2a. The reported energy is cor-
rected for the terahertz transmittance of the filters and spectral
power content in 0.1–50 THz range (see Methods). For com-
parison, on the same figure we plot the terahertz energy from
two-color filamentation in air. An integrated broadband terahertz
energy of ~76 μJ was obtained for laser energy of 28 mJ, which is
about 20 times larger than what is obtained at similar energies
during two-color filamentation in air, demonstrating a conversion
efficiency >10−3. For acetone, terahertz signals above the noise
level of the PED with the mid-IR rejecting filter combination is
obtained for an input laser pulse energy of as low as 0.1 mJ.

Figure 2b shows the integrated broadband terahertz far-field
polarization plots for acetone and air for input laser energy UL

~10 mJ. The plot is obtained by inserting a wire-grid polarizer
(Specac GS57204) in the collimated terahertz beam path between
the off-axis parabolas OAP1 and OAP2 (Fig. 1), and recording the
integrated terahertz energy as a function of the polarizer rotation
angle. The plot for the two-color air terahertz shows a typical
dipole pattern observed previously27. The broadband terahertz
radiation from liquids also exhibits similar dipole-like character-
istics, with the axis of polarization almost perpendicular to the
input polarization. The contrast ratio between the dipole maxima
to minima is ~1.2 for both air and acetone, indicating strong
depolarization.

To understand the polarization of the resultant broadband
terahertz emission, a study of the post-filamentation polarization
states of the fundamental (800 nm), and the second harmonic
(400 nm) part of the generated supercontinuum in air and liquid
(acetone) is carried out (see Methods). It is observed that the 800
nm pulse suffers strong depolarization after filamentation in both
air and acetone. Similar observation has been reported by Yu
et al.28, and has been attributed to the magnification of
polarization perturbations (induced by optical elements) during
nonlinear propagation process. The 400 nm polarization is found
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Fig. 1 Experimental layout for integrated and spectral terahertz
measurements. Broadband terahertz radiation is generated from the liquid
in the cuvette via laser-induced filamentation. The terahertz radiation is
collected and collimated by an off-axis parabola (OAP1) filtered by a silicon
filter (SF). The terahertz beam is then focused onto a PED by OAP2 at focus
F1 for integrated measurements. A combination of filters is used before PED
to minimize mid-IR radiation. A wire-grid polarizer can be inserted between
OAP1 and OAP2, for terahertz polarization measurements. For spectrum
measurements, the PED is removed from F1, and the terahertz beam is
steered using OAP3 into a Michelson interferometer (consisting of mirrors
M1, M2, and pellicle beam-splitter BS) for FAC measurements using the
same PED placed at F2 (focus of OAP4)
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to be rotated by almost 90° with respect to the incident 800 nm
pulse polarization for both air and acetone. This is consistent with
the observations of Kosareva et al.29, where the polarization of an
independently launched second harmonic probe propagating
through a filament was rotated due to cross-phase modulation.
Since, the polarization of generated terahertz follows the
polarization of second harmonic30, it may be hypothesized that
the generated broadband terahertz would be significantly
depolarized with the polarization axis perpendicular to the
incident laser polarization in agreement with our experimental
observations.

Field autocorrelation measurements. To determine the spectral
content of the broadband terahertz generated during the fila-
mentation in liquids, the PED is removed from F1, and the ter-
ahertz radiation is guided to a Michelson interferometer field
autocorrelation (FAC) setup9 (Fig. 1). The FAC signal is detected
by the Gentec PED located at F2. This scheme of measurement is
independent of dispersion and absorption properties of crystals

associated with electro-optic sampling, and is ideal for measuring
broadband spectra. Figure 3a shows typical FAC traces obtained
from filamentation in air, acetone, and ethanol for UL ~10 mJ.
Due to the low repetition rate of the laser (10 Hz) and turbulence
generated in the liquids during filamentation, the FAC mea-
surements are noisy. Therefore, to improve the signal to noise
ratio, each FAC trace is averaged over three consecutive scans,
where each data point in a scan is an average of 16 acquisitions.
The full-width at half-maximum (TFWHM) for acetone and
ethanol is ~19 fs, which is about 4.5 times smaller than the air
TFWHM (~86 fs), indicating that the liquid terahertz spectrum has
a larger bandwidth (see Methods).

Figure 3b shows the broadband terahertz power spectra
corresponding to the FAC signal. The spectral power falls off at
~20 THz for air, and at ~100 THz for acetone and ethanol. For
air, 99.5% of the spectral power lies between 0.1 and 50 THz. In
comparison, acetone has 72% of the spectral power in the same
range. For ethanol, the number is 64%. The spectral profile shows
several peaks and troughs, which can be attributed to the
absorption in plasma, the filters, and atmospheric water vapor.
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Fig. 3 Broadband terahertz spectral measurements with Michelson interferometer. a Time domain FAC traces for terahertz radiation from two-color
filamentation of air (red squares), and single-color filamentation of acetone (blue circles) and ethanol (magenta up-triangle) at an input laser energy of 10
mJ. The full-width at half-maxima for air is ~86 fs, while that for acetone and ethanol is ~19 fs. b Corresponding frequency domain power spectra obtained
using fast Fourier transforms for air (red line), acetone (blue line), and ethanol (magenta line). For air, 99.5% of the spectral power lies between 0.1–50
THz. Acetone and ethanol, respectively, have 72 and 64% of the spectral power in the same frequency range
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Fig. 2 Broadband terahertz energy and polarization measurements by PED. a Energy measured by the PED (with filter and spectral corrections) from two-
color filamentation in air (red square) and single color filamentation in various liquids: ethanol (magenta up-triangle), methanol (olive down-triangle),
acetone (blue circle), dichloroethane (purple diamond), deionized water (dark-red right-triangle), carbon disulfide (green left-triangle), as a function of
laser energy. Each data point is averaged over 32 acquisitions and the error bars indicate the standard deviation from the average. For an input laser energy
of 28mJ before the cuvette, an integrated terahertz energy of 76 µJ is obtained from the filamentation in acetone. b Polarization measurement of terahertz
radiation from air (red square) and acetone (blue circle) at a laser energy of 10 mJ. The theoretical cosine square fits to the plots are shown by red dashed
line for air, and blue dashed line for acetone. The polarization of the incident laser is shown by a black dash-dot arrow. The polarization of the terahertz
radiation from air (two-color) is shown by a red dash-dot arrow, which is rotated by 151° with respect to the incident laser polarization. The terahertz
polarization for acetone (single color) is shown by a blue dash-dot arrow, rotated by 84° with respect to the laser polarization
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The unbalanced reflection/transmission characteristics of the
pellicle beam-splitter also contribute to the spectral profile. It is
observed that the liquid spectrum has negligible spectral power
below 4 THz. This is independently confirmed for all the liquids
used in the experiments (Fig. 2a) by noting that there is no
terahertz transmission through a low-pass black polyethylene
filter with sharp cut-off near 3 THz. On increasing the laser
energy for a given liquid, the turbulence and bubbling in the
liquid increases, and leads to noisy interferogram (low signal to
noise ratio). With different liquids, there are qualitative
differences in the spectrum, although the overall bandwidth
remains almost the same. On average, 70% of the spectral power
is in the 0.1–50 THz range for the liquids.

Nonlinear pulse propagation simulations. In order to elucidate
the underlying physics of the broadband terahertz generation in
liquids, we performed a series of simulations based on the uni-
directional pulse propagation equation (UPPE)31, 32 (see Meth-
ods). The simulations are performed for ethanol since its
dispersive properties are well studied across the whole
spectrum26, 33. Figure 4a shows the simulated amplitude spectra
(integrated over the beam cross-section) for laser pulses with
three different peak powers (energies): 1.2 Pcr (0.0674 μJ), 12 Pcr
(0.674 μJ), and 120 Pcr (6.74 μJ), where Pcr= 0.71 MW is the
critical power for self-focusing in ethanol. The simulated spectra
are obtained at a propagation distance of 28 mm from the

entrance of the cuvette, right after the end of the filamentation
region (in the simulations). In the case of 1.2 Pcr the pulse
spectrum exhibits spectral broadening around the fundamental
and the third harmonic but does not reach the terahertz range.
However, with the increase of the pulse peak power up to 12 Pcr, a
very broad pulse spectrum (i.e., supercontinuum) starts to form,
ranging from ultraviolet to terahertz frequencies. A further
increase of the pulse peak power, up to 120 Pcr, results in an even
stronger supercontinuum with more energy in the terahertz
range. Therefore, at high peak powers the broad spectrum of the
pulse becomes almost flat over the frequencies between the fun-
damental and third harmonic, with efficient energy transfer to the
frequencies around the pulse second harmonic due to spectral
broadening. The second harmonic, being mixed with the funda-
mental, generates the terahertz part of the spectrum by the four-
wave mixing and the asymmetric plasma current mechanism
similar to the two-color filamentation in air, where one injects the
second harmonic pulse separately9.

To verify the suggested physical explanation from the
simulations, we recorded the visible part of the supercontinuum
from filamentation in ethanol and acetone (UL ~10 mJ), shown in
Fig. 4b. The measurements are performed at the rear wall (exit) of
the cuvette, with the collecting optic fiber oriented perpendicular
to the direction of laser propagation to sample the optical
radiations scattered by the cuvette wall. This is done to sample the
supercontinuum without using any filters to suppress the 800 nm
fundamental. The spectrum depicts the existence of a strong
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Fig. 4 Simulation of the broadband terahertz generation mechanism and optical spectrum measurements. a Simulated laser-induced supercontinuum
spectra obtained from the simultaneous solution of the UPPE with the kinetic equation for the concentration of free electrons in ethanol at laser input
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supercontinuum around the second harmonic, in agreement with
the simulations. Note that the spectral intensity at wave-
lengths below 350 nm is small because the ultraviolet part of
the spectrum is strongly absorbed in the liquids. One can also
observe that the second harmonic signal is higher for acetone
compared to ethanol, indicating higher terahertz yield, which
agrees with the terahertz output trend in our experiments
(Fig. 2a).

To support the proposed mechanism of terahertz generation,
we take the full field of laser pulse inside the filamentation region
and separate the parts that correspond to the fundamental and
second harmonic. We calculate the pulse spectrum and apply to it
two Gaussian-shaped filters that are centered at frequencies of the
fundamental and second harmonic and whose widths are equal to
10% of the corresponding frequencies. Figure 4c shows the field
of the laser pulse (Efull) at 12 Pcr and at a distance z= 25 mm. On
the same figure we plot the fundamental (Eω) and second
harmonic (E2ω) parts of this field as well. The field variations are
replotted with an expanded time scale (50–100 fs) in Fig. 4d. We
see that the fields of the fundamental and the second harmonic
fully overlap in time and their amplitudes have comparable
magnitudes. The appearance of such strong two-color fields can
justify the high efficiency of terahertz generation in our
experiments. This two-color scheme is found to be extremely
efficient here since the two waves are in phase along the whole
filamentation region. This happens because the second harmonic
is generated during the propagation, something that is funda-
mentally different from the two-color scheme in gases, where the
two waves are independent and would rapidly walk-off in the
liquids because of their strong dispersion.

Due to computational limitations, we can simulate only pulses
with energy of several μJ, while in the experiments we use pulse
energies up to 28mJ. Nevertheless, by extrapolating the results of
the simulations, the appearance of the strong terahertz signal
under experimental conditions can be explained.

Nonlinear terahertz transmission. To illustrate the nonlinear
optical effect using the broadband terahertz pulses obtained from
filamentation in liquids, an open aperture z-scan is performed on
a 0.5 mm thick low-resistivity silicon (LR-Si) having electron

concentration of ~1015 cm−3. Figure 5 shows the normalized
terahertz signal transmitted through LR-Si, as it is scanned along
the terahertz focus F1 (Fig. 1). For UL ~10 mJ, the terahertz energy
at F1 for air and acetone are ~1 and 37 μJ, respectively, which
gives electric field amplitudes (ETHz) of ~0.3 MV cm-1 (air) and
~2MV cm-1 (acetone) for a terahertz focal diameter of ~1 mm
(measured by knife edge scanning), assuming 1 ps pulse duration.
A z-scan performed on high-resistivity float-zone silicon (HRFZ-
Si) with ETHz ~2MV cm-1 is plotted on the same graph (Fig. 5) to
demonstrate that the peaks observed for LR-Si are not from some
geometrical effect. The scans demonstrate the typical transmis-
sion enhancement associated with the phenomenon of inter-
valley scattering of electrons in the conduction band, which scales
with increasing terahertz electric field34, 35.

Discussion
In conclusion, we have demonstrated an unconventional way of
generating high-energy, ultra-broadband terahertz pulses by
ultrafast laser filamentation in liquids, obtaining a remarkably
high conversion efficiency >10−3, without the use of any crystal13

or high-vacuum16. Our simulations show that the efficient gen-
eration of terahertz radiation in liquids can be explained by the
local in-phase generation of a strong second harmonic compo-
nent as part of the nonlinear spectral broadening. Further studies
exploring the mechanisms for manipulation of the spectrum are
underway.

The exact mechanism of broadband terahertz transmission
through the absorbing liquid column requires further studies for
better understanding. From our simulations, that take into
account all linear and nonlinear effects, it is evident that the key
parameter for observing significant terahertz energy after the
cuvette is to have a filament that occupies the whole length of it
and most importantly that the filament reaches close to the rear
cuvette wall to avoid further linear absorption losses.

This method of broadband terahertz generation from liquids is
expected to find wide use in nonlinear terahertz optics and
spectroscopy, and would be of immense interest to researchers
spanning various disciplines.

Methods
Filter transmission. The filter transmission characteristics shown in Supplemen-
tary Fig. 1a are obtained using a Fourier transform infrared (FTIR) spectrometer
(JASCO FT/IR-4100A). It is observed that mid-IR radiation (λ ~1–5 μm) generated
during filamentation in the liquids is transmitted through the standard HRFZ-Si
filters along with the terahertz radiation. Supplementary Fig. 1b shows the resultant
transmission for various filter combinations. The filter combination of two HRFZ-
Si and one black-low-resistivity silicon of 0.5 mm thickness each, and one 5 mm
thick high-density polyethylene (HDPE) is placed before the PED to minimize the
contribution of the mid-IR region to the integrated terahertz energy and FAC
measurements. This filter combination has a transmission of less than 10−4 up to
~15 µm (~20 THz). The transmission rises above ~10−2 at about 23 µm (~13 THz).
In the terahertz region (beyond the range of the standard FTIR spectrometer used
in these measurements), the equivalent transmission for this combination is ~0.1
on average. Thus, the attenuation of frequencies above 20 THz by the filters is
about three orders of magnitude higher compared to that in the terahertz regime.
Therefore, the filter combination used in this experiment significantly attenuates
the mid-IR frequencies compared to the terahertz frequencies. Thicker HDPE
filters are used at higher energies and a corresponding transmission correction is
applied to obtain integrated measurements.

Calculation of integrated energy. The integrated energy is calculated from the
knowledge of the spectral power in the 0.1–50 THz range and the transmittance of
the filters in the following manner. The integrated radiation collected by the
calibrated PED in the presence of the filter combination is recorded for example as,
x µJ. Since on an average ~70% of the detected radiation lies in the 0.1–50 THz
range for the liquids, the integrated broadband terahertz energy in this range is
estimated as y= 0.7x µJ. Now we apply the correction for the filter combination,
which is conservatively taken as ~0.1 over the whole 0.1–50 THz range, and obtain
the terahertz energy as U= y/0.1= 7x µJ.

Thus U (in µJ) is the estimated integrated broadband terahertz energy radiated
from the liquid source due to femtosecond laser filamentation.
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Cuvette length. The length of the cuvette is chosen so that there is negligible
filamentation and supercontinuum generation at the entrance wall (wall thickness
~0.5 cm) due to the laser, while ensuring that it is not too long to attenuate the
terahertz significantly after generation. The inner wall-to-wall cuvette length of 5
cm is optimum for the 50 cm focal length lens used in this experiment. For longer
focal lengths, longer cuvettes must be used.

Optical polarization. The optical polarization of the fundamental (800 nm) laser
pulse, and the second harmonic (400 nm) pulse generated (part of the super-
continuum) after filamentation in air (without the BBO) and acetone are shown in
Supplementary Fig. 2. The polarization plots were obtained using standard sheet
polarizers, photo-diodes, and narrow-band filters centered around 800 and 400 nm,
respectively. The polarizer was placed between OAP1 and OAP2, and the photo-
diode with the filters was at F1 (Fig. 1). From Supplementary Fig. 2 we can see that
the 800 nm pulse gets depolarized post filamentation, and the degree of depolar-
ization is more in case of liquids. The generated 400 nm is orthogonally polarized
with respect to the initial polarization of the 800 nm (before filamentation), both in
the case of air and liquids. In case of terahertz from air, the supercontinuum
generated second harmonic has a limited role, since the externally injected (via the
BBO) 400 nm is dominant, and controls the polarization of the terahertz radiation.
In the case of liquids, the supercontinuum generated 400 nm is responsible for
generation of the terahertz radiation, and hence the terahertz polarization is found
to be orthogonal with respect to incident 800 nm. In both cases, since the 800 nm
pulse suffers depolarization, the contrast between the maxima and minima is poor
for the measured terahertz polarization (Fig. 2b).

Terahertz beam profile. Supplementary Fig. 3 shows a comparison between the
400 nm emission after the filamentation in acetone (in 5 cm cuvette) and the
terahertz beam profile. The terahertz beam profile is approximately a Gaussian
with an FWHM of ~11 mm, while the 400 nm has an FWHM of ~10 mm.

Fitting of FAC traces. The FAC traces are fitted with a function of the form
AðτÞ ¼ yo þ Ao cosðωτÞexp �2 τ=Toð Þ2� �

, where τ is the time delay, A(τ) is the
FAC signal, yo is the offset, Ao the amplitude, ω is the fundamental frequency, and
To ¼ TFWHM=

ffiffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
, TFWHM being the time delay width at half of the signal

maximum.

Simulations. The UPPE31, 32 can be written as:

∂Ê
∂z

¼ ikzÊ þ i
μoω

2

2kz
P̂nl þ i

ω
Ĵ f þ Ĵa
� �� �

ð1Þ

where Ê kx; ky ; kz
� �

is the spatio-temporal spectrum of the laser pulse,
kz kx; ky ;ω
� � ¼ ½k2ðωÞ � k2x � k2y �1=2 is the propagation constant with kx, ky, and ω

being the spatial and temporal angular frequencies, k(ω) = n(ω)ω/co is the wave
number, n(ω) is the frequency-dependent refractive index, co is the speed of light in
vacuum, and μo is the vacuum permeability. The nonlinear term in Eq. (1) includes
the third-order nonlinear polarization, P̂nl ¼ εoχð3Þ bE3, the current of free electrons
Ĵf ¼ q2e=me

� �
νc þ iωð Þ= ν2c þ ω2

� �	 
cρE, and the current that is responsible for

nonlinear absorption, Ĵa ¼ K�hωo
c1
E
∂ρ
∂t

� �
. Here the ∧ denotes the spatio-temporal

spectrum, εo is the vacuum permittivity, χð3Þ ¼ 4n2oεocon2=3 is the cubic sus-
ceptibility with n2 being the nonlinear index, no is the medium refractive index at
the pulse central frequency ωo, qe and me are the charge and mass of the electron,
νc is the collision frequency, ρ is the concentration of free electrons (m−3), while
K ¼ Int Ui=�hωof g þ 1 with Int denoting the integer part, and Ui being the band
gap of the liquid.

Together with the UPPE we solve the kinetic equation for the concentration of
free electrons:

∂ρ
∂t

¼ R1 ρnt � ρð Þ þ R2ρ ð2Þ

where ρnt is the concentration of neutral atoms, with R1 and R2 being the optical
field and avalanche ionization rates. For R1 we use the Keldysh formula, while R2 is
given by R2 ¼ σðωoÞE2=Ui , where σðωoÞ ¼ q2e=me

� �
νc= ν2c þ ω2

o

� �	 

is the inverse

Bremsstrahlung cross-section. For the calculation of ∂ρ/∂t in the expression for Ĵa
we use the first term on the right-hand side of Eq. (2).

As the initial condition for Eq. (1) we take a Gaussian pulse at the entrance of
the cuvette with liquid inside. The parameters of the pulse are similar to the
experimental ones: 800 nm central wavelength, 48 fs FWHM pulse duration, 1.53
mm FWHM beam size, and 25 mm focal distance. The plasma density is ~6 × 1021

cm−3 for 6.74 µJ pulses.
Using the above model and input condition, we simulate the laser pulse

propagation inside the cuvette filled with ethanol. We choose ethanol, because,
compared to other liquids in our experiments, its dispersive properties in the far-
infrared frequency range are studied the most in the literature. In our simulations
we use the following ethanol parameters: the refractive index n(ω) is calculated
using the data from ref. 26, n2= 10−20 m2W−1 33, νc= 1/3 fs−1 (we take the value
for water19, 36), Ui= 10.5 eV37, ρnt= 1.03 × 1028 m−3.

Data availability. The data corresponding to the plots presented in this study are
available from the corresponding author on request.

Received: 15 May 2017 Accepted: 12 September 2017

References
1. Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 1, 97–105

(2007).
2. Baierl, S. et al. Nonlinear spin control by terahertz-driven anisotropy fields. Nat.

Photonics 10, 715–718 (2016).
3. Kampfrath, T., Tanaka, K. & Nelson, K. A. Resonant and nonresonant control

over matter and light by intense terahertz transients. Nat. Photonics 7, 680–690
(2013).

4. Smye, S. W., Chamberlain, J. M., Fitzgerald, A. J. & Berry, E. The interaction
between terahertz radiation and biological tissue. Phys. Med. Biol. 46,
R101–R112 (2001).

5. Löffler, T., Jacob, F. & Roskos, H. G. Generation of terahertz pulses by
photoionization of electrically biased air. Appl. Phys. Lett. 77, 453–455 (2000).

6. Cook, D. J. & Hochstrasser, R. M. Intense terahertz pulses by four-wave
rectification in air. Opt. Lett. 25, 1210–1212 (2000).

7. Higashiguchi, T. et al. Experimental observation of further frequency upshift
from dc to ac radiation converter with perpendicular dc magnetic field. Phys.
Rev. Lett. 85, 4542–4545 (2000).

8. Hashimshony, D. & Zigler, A. Conversion of electrostatic to electromagnetic
waves by superluminous ionization fronts. Phys. Rev. Lett. 86, 2806–2809
(2001).

9. Kim, K. Y., Taylor, A. J., Glownia, J. H. & Rodriguez, G. Coherent control of
terahertz supercontinuum generation in ultrafast laser–gas interactions. Nat.
Photonics 2, 605–609 (2008).

10. Oh, T. I. et al. Intense terahertz generation in two-color laser filamentation:
energy scaling with terawatt laser systems. New J. Phys. 15, 075002 (2013).

11. Kuk, D. et al. Generation of scalable terahertz radiation from cylindrically
focused two-color laser pulses in air. Appl. Phys. Lett. 108, 121106 (2016).

12. Clerici, M. et al. Wavelength scaling of terahertz generation by gas ionization.
Phys. Rev. Lett. 110, 253901 (2013).

13. Fülöp, J. A. et al. Generation of sub-mJ terahertz pulses by optical rectification.
Opt. Lett. 37, 557–559 (2012).

14. Vicario, C., Ovchinnikov, A. V., Ashitkov, S. I., Agranat, M. B. & Fortov, V. E.
Generation of mJ THz pulses in organic crystal pumped by a Cr:Mg2SiO4 laser.
Opt. Lett. 39, 6632–6635 (2014).

15. Li, Y. T. et al. Strong terahertz radiation from relativistic laser interaction with
solid density plasmas. Appl. Phys. Lett. 100, 254101 (2012).

16. Gopal, A. et al. Characterization of 700 μJ T rays generated during high-power
laser solid interaction. Opt. Lett. 38, 4705–4707 (2013).

17. Liu, J., Schroeder, H., Chin, S. L., Li, R. & Xu, Z. Nonlinear propagation of fs
laser pulses in liquids and evolution of supercontinuum generation. Opt.
Express 13, 10248–10259 (2005).

18. Couairon, A. & Mysyrowicz, A. Femtosecond filamentation in transparent
media. Phys. Rep. 441, 47–189 (2007).

19. Minardi, S. et al. Energy deposition dynamics of femtosecond pulses in water.
Appl. Phys. Lett. 105, 224104 (2014).

20. Kreß, M. et al. Determination of the carrier-envelope phase of few-cycle laser
pulses with terahertz-emission spectroscopy. Nat. Phys. 2, 327–331 (2006).

21. Kostin, V. A., Laryushin, I. D., Silaev, A. A. & Vvedenskii, N. V. Ionization-
induced multiwave mixing: terahertz generation with two-color laser pulses of
various frequency ratios. Phys. Rev. Lett. 117, 035003 (2016).

22. Andreeva, V. A. et al. Ultrabroad terahertz spectrum generation from an air-
based filament plasma. Phys. Rev. Lett. 116, 063902 (2016).

23. Yavuz, D. D. & Weber, J. J. Tunable source of terahertz radiation using
molecular modulation. Opt. Lett. 37, 4191–4193 (2012).

24. Johnson, L. A., Palastro, J. P., Antonsen, T. M. & Kim, K. Y. THz generation by
optical Cherenkov emission from ionizing two-color laser pulses. Phys. Rev. A
Atomic Mol. Opt. Phys. 88, 063804 (2013).

25. Kindt, J. T. & Schmuttenmaer, C. A. Far-infrared dielectric properties of polar
liquids probed by femtosecond terahertz pulse spectroscopy. J. Phys. Chem.
100, 10373–10379 (1996).

26. Sani, E. & Dell’Oro, A. Spectral optical constants of ethanol and isopropanol
from ultraviolet to far infrared. Opt. Mater. 60, 137–141 (2016).

27. Dai, J., Karpowicz, N. & Zhang, X. C. Coherent polarization control of terahertz
waves generated from two-color laser-induced gas plasma. Phys. Rev. Lett. 103,
023001 (2009).

28. Yu, J., Jiang, H., Wen, J., Yang, H. & Gong, Q. Mechanism of depolarization of
white light generated by femtosecond laser pulse in water. Opt. Express 18,
12581–12586 (2010).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01382-x

6 NATURE COMMUNICATIONS |8:  1184 |DOI: 10.1038/s41467-017-01382-x |www.nature.com/naturecommunications

www.nature.com/naturecommunications


29. Kosareva, O. et al. Polarization rotation due to femtosecond filamentation in an
atomic gas. Opt. Lett. 35, 2904–2906 (2010).

30. Fedorov, V. Y., Koulouklidis, A. D. & Tzortzakis, S. THz generation by two-
color femtosecond filaments with complex polarization states: four-wave
mixing versus photocurrent contributions. Plasma Phys. Control. Fusion 59,
014025 (2017).

31. Kolesik, M., Moloney, J. V. & Mlejnek, M. Unidirectional optical pulse
propagation equation. Phys. Rev. Lett. 89, 283902 (2002).

32. Kolesik, M. & Moloney, J. V. Nonlinear optical pulse propagation simulation:
from Maxwell’s to unidirectional equations. Phys. Rev. E Stat. Nonlin. Soft
Matter Phys. 70, 036604 (2004).

33. Sutherland, R. L. Handbook of Nonlinear Optics. Second Edition (Marcel
Dekker, New York, 2003).

34. Hebling, J., Hoffmann, M. C., Hwang, H. Y., Yeh, K. Lo & Nelson, K. A.
Observation of nonequilibrium carrier distribution in Ge, Si, and GaAs by
terahertz pump-terahertz probe measurements. Phys. Rev. B Condens. Matter
Mater. Phys. 81, 035201 (2010).

35. Kaur, G., Han, P. & Zhang, X. C. Terahertz induced nonlinear effects in doped
silicon observed by open-aperture Z-scan. In IRMMW-THz 2010—35th
International Conference on Infrared, Millimeter, and Terahertz Waves, 1–2
(Italy, 2010).

36. Arnold, C. L., Heisterkamp, A., Ertmer, W. & Lubatschowski, H.
Computational model for nonlinear plasma formation in high NA
micromachining of transparent materials and biological cells. Opt. Express 15,
10303–10317 (2007).

37. National Institute of Standards and Technology (NIST), http://webbook.nist.
gov/cgi/cbook.cgi?ID=C64175&Mask=20.

Acknowledgements
G.R.K. acknowledges partial support from J.C. Bose Fellowship grant JCB-037/2010
(Department of Science and Technology) and UGC-ISF grant F.6–15/2014 (IC) (University
Grants Commission) of the Government of India. S.T., V.F., and A.D.K. acknowledge
partial support from the National Priorities Research Programme grant number NPRP9-
329-1-067 from the Qatar National Research Fund (member of The Qatar Foundation) and
the European Union’s Horizon 2020 Laserlab Europe (EC-GA 654148).

Author contributions
G.R.K. and I.D. conceived the experiment. I.D. designed the details of the experiment in
consultation with G.R.K., and was the main researcher to execute them in collaboration
with K.J., A.D.K., A.M., M.S., D.S. and A.D.L. I.D. analyzed the data in consultation with
G.R.K. and S.T. Simulations were carried out by V.F. in consultation with S.T. and A.C.
The results were discussed by I.D., G.R.K., S.T., V.F., A.C. and A.D.K. The manuscript
was prepared by I.D., G.R.K., S.T., V.F., A.D.K. and A.C. and discussed and approved by
all the authors.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/s41467-017-01382-x.

Competing interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-017-01382-x ARTICLE

NATURE COMMUNICATIONS |8:  1184 |DOI: 10.1038/s41467-017-01382-x |www.nature.com/naturecommunications 7

http://webbook.nist.gov/cgi/cbook.cgi?ID=C64175&Mask=20
http://webbook.nist.gov/cgi/cbook.cgi?ID=C64175&Mask=20
http://dx.doi.org/10.1038/s41467-017-01382-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Highly efficient broadband terahertz generation from ultrashort laser filamentation in liquids
	Results
	Setup for terahertz generation and detection
	Energy and polarization measurements
	Field autocorrelation measurements
	Nonlinear pulse propagation simulations
	Nonlinear terahertz transmission

	Discussion
	Methods
	Filter transmission
	Calculation of integrated energy
	Cuvette length
	Optical polarization
	Terahertz beam profile
	Fitting of FAC traces
	Simulations
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS


