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We have solved the long-standing problem of the mechanism of terahertz (THz) generation by a
two-color filament in air and found that both neutrals and plasma contribute to the radiation. We reveal that
the contribution from neutrals by four-wave mixing is much weaker and higher in frequency than the
distinctive plasma lower-frequency contribution. The former is in the forward direction while the latter is in
a cone and reveals an abrupt down-shift to the plasma frequency. Ring-shaped spatial distributions of the
THz radiation are shown to be of universal nature and they occur in both collimated and focusing
propagation geometries. Experimental measurements of the frequency-angular spectrum generated by
130-fs laser pulses agree with numerical simulations based on a unidirectional pulse propagation model.
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Laser filamentation [1–6] is actively studied because of
both traditional applications, e.g., a wideband atmospheric
lamp [7], and newly emerging filament-based spectroscopy
techniques [8]. Filament plasmas can promote continuous
spectral bandwidths from 0.1 [9] to 20–100 THz depending
on the pulse duration [10,11]. Coherent terahertz (THz)
radiation can then be delivered through the filamentation
process to a desired remote position in the atmosphere,
thereby avoiding its absorption by water vapor [12,13].
Experiments on the spatial profile of THz radiation from
laser plasmas demonstrated that this radiation propagates
inside a cone and forms a ring in the far field [11,14–18].
Three major physical reasons of THz generation in a

two-color air filament are often proposed in the literature,
namely, rectification by four-wave mixing (Kerr or bound
electron response) [19,20], plasma currents induced by
tunneling ionization [21–24], as well as transverse and
longitudinal plasma wave excitations [25–28]. In this work
we suggest the generalized numerical approach allowing
one to describe the observed phenomena on a unified basis
including optical nonlinearities and plasma effects as well.
Through this approach and our experiment we have solved
the long-standing problem of the mechanism of THz
generation in a two-color filament, namely, both neutrals
and plasma contribute to the radiation, not just one of them.
We reveal that the contribution from neutrals by four-wave
mixing is much weaker and it occurs at higher frequencies
than the distinctive plasma lower-frequency contribution.
The former process emits in the forward direction while the
latter lies in a cone. The neutral contribution arises mainly
from the front part of the self-focusing laser pulse, which
always sees the neutral gas as it propagates. At later times,

when plasma defocusing occurs, free-electron photocur-
rents overwhelm the contribution from neutral molecules
and emit conically [13–18]. Numerical simulations confirm
the universality of these ring-shaped THz distributions due
to the conical emission. At the intensities involved, plasma
wakefield effects are shown to be limited.
In our experiment the 800-nm beam supplied by a Ti:

sapphire regenerative amplifier (Spectra Physics Spitfire
Pro, 130 fs, <1.5 mJ, 800 nm, 1 kHz) is focused with a
f ¼ 15 cm plano-convex lens into ambient air [Fig. 1(a)].
A 0.1-mm thick beta barium borate (β-ВВО) crystal (I type)
adjusted to reach the maximum THz yield is used for
generating the second harmonic. A 1.5-cm laser spark
formed near the geometrical focus locates the emitted
THz radiation, which is collimated using an off-axis
parabolic mirror (51.6 mm in diameter, 150-mm effective
focal length). A 0.35-mm thick silicon wafer filters the
radiated field. To investigate the frequency-angular tera-
hertz spectrum we couple a Michelson interferometer to a
liquid helium-cooled silicon bolometer LN − 6=C (Infrared
Laboratories), used as a detector of the THz radiation. A
3.5-mm thick high-resistive silicon beam splitter (Tydex
HRFZ-Si) (54% transmittance) with 50-mm aperture is
employed for separation and recombination of the two arms
of the interferometer ending with flat metallic mirrors, one
of which is placed on a motorized translation stage. After
recombination, the THz beam is refocused with an off-axis
parabolic mirror into the aperture of the bolometer with
filters transparent in the THz region (e.g., <24 THz).
Typical interferograms have 500–800 points with 2.5-μm
increment ensuring spectral resolution up to 75 GHz. The
reconstruction of the THz spectrum is done using the
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Fourier transform of the THz signal autocorrelation
function.
THz spectra recorded from 50 averaged interferograms

have been obtained using 1.4-mJ, 130-fs two-color
pulses with ∼10% fraction of second harmonic in ampli-
tude. The resulting THz field is displayed in Fig. 1(b),
while Fig. 1(c) details the spectrum plotted from our
interferograms (black curve). The spectrum reaches noise
level at 15 THz while the signal measured in similar con-
ditions using the air‐biased coherent detection (ABCD)
method [10,14] reaches noise level at 6–7 THz [cf. black
and red curves of Fig. 1(c)]. Thus, our autocorrelation
experimental technique is adequate for the study of
broadband THz spectra.
The measured spectra in the range 0–30 THz are

integrated over a 12-mm transverse aperture [Fig. 2(a),
black dots]. The red curve plots numerical spectra com-
puted from a unidirectional pulse propagation equation
(UPPE) for comparable laser inputs (see below). The
experimentally measured THz spectrum is in good
agreement with the simulated one. A maximum at around
0.5–1 THz in the experimentally obtained spectrum is due
to the photocurrent induced by the plasma, creating a peak
around the electron plasma frequency, νpe ¼ ωpe=2π ¼
ðe2Ne=πmÞ1=2 ≈ 0.75 THz, where Ne ≈ 7 × 1015 cm−3 is
the typical free-electron density for filaments, e and m are
the electron charge and mass. The spectral amplitudes
at higher frequencies ν > 12.5 THz are more attenuated
in the experiment because of absorption by the HRFZ-Si
beam splitter and filters used in our setup. In addition, we
performed measurements of frequency-angular spectra
of the THz radiation by moving a 1.5-mm slit across the
diverging THz beam before collimation [Fig. 1(a)]. The
angular distribution of THz radiation exhibits a maximum
in the emission direction at 4–6 deg relative to the beam
propagation axis [white dashed lines in Figs. 2(b) and 2(c)].
The off-axis maximum in the frequency-angular distribu-
tion corresponds to a ring in the far zone. In both the
experiment and the simulations 15% of the THz energy in
the range 0.5–13 THz propagates forwardly (on axis) and
85% in the ring. The overall THz radiation energy in the
range 0–30 THz is 9 nJ.

Because THz emissions also proceed from plasma wave
oscillations, Figs. 2(d) and 2(e) detail the low-frequency

spectra of field components ~~E radiated in the transverse
and longitudinal directions as computed from the non-
propagating plasma fluid model combining derivations
from Refs. [25–28]:

� ∂2

∂t2 þ νc
∂
∂tþ ω2

pe

�
~~E ¼ −4π

�
~Πþ ∂~Je

∂t þ ∂2 ~P
∂t2

�
. ð1Þ

Here ~Je and ~P denote the electron current density and Kerr
polarization computed with the given nonpropagating laser
field, νc ≈ 5 ps−1 is the electron-neutral collision frequency
[27]. In the transverse plane of the 800-nm pulse polari-
zation direction, the radiated electromagnetic field is due
to the photocurrents through the derivative ∂~Je=∂t [21].
Longitudinal low-frequency currents can also originate
from the ~Π source term derived in Refs. [25–28], which
gathers radiation pressure and ponderomotive effects.
Figures 2(d) and 2(e) clearly confirm that, for the laser
and material parameters used in the experiment, (i) the
transverse field component prevails over the longitudinal
one at ν > 1 THz and (ii) a plasma wave emerges over time
scales longer than the laser pulse duration, which explains
the spectral peak reached at νpe. Beyond the plasma
frequency the spectrum rapidly falls down like 1=ν2, faster
than in the experiment [cf. Fig. 2(d), gray curve, and
Fig. 2(a), black dots]. The Kerr contribution increases the
spectral amplitude at frequencies ν > νpe [~P ≠ ~0, Fig. 2(d),
black curve]. Thus, the spectral wing spreading up to

FIG. 1. (a) Experimental setup. Note the slit moved across the
THz transverse profile to scan the conical emission. (b) Typical
interferogram and (c) THz spectrum (black curve), compared to
that obtained with the ABCD technique (red curve).

FIG. 2. (a) Experimental (black dots) and simulated (red solid
line) THz spectra from a two-color pulse (800 nm: 1.4 mJ, 150 fs;
400 nm: 10 μJ, 220 fs) focused in air (f ¼ 15 cm). (b),(c)
Frequency-angular distributions: (b) simulation and (c) experi-
ment in logarithmic color scale. Dashed vertical lines show the
directions of maximum THz signals. (d) THz spectra peaked
at ν ¼ νpe (gray dashed line) and (e) electromagnetic fields
computed from the nonpropagating plasma fluid model Eq. (1).
The black (gray) curves show the transverse field triggered by
photoionization with (without) the Kerr nonlinearity; the blue
curves refer to longitudinal plasma wakefields.
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30 THz in Fig. 2(a) can be attributed to the nonlinearity of
bound electrons.
In light of the previous properties, propagating THz

pulses can properly be described by UPPE [29,13].
Advances of the present numerical method are in the
simultaneous consideration of a rather broad beam size
(3 mm), large nonparaxial radiation divergence (up to 45°),
and frequency resolution of 50 GHz in accordance with
our experimental setup. We assumed axially symmetric
propagation pertinent to the single filament regime of
our experiment and implemented the discrete Hankel
transform algorithm [30] optimized to ensure correct
direct-inverse repetitive field transformations from the
radial to angular domains. The field Eðr; τ; zÞ is linearly
polarized, r (z) is the transverse (longitudinal) coordinate,
and τ is the time in the moving reference frame. The
forwardly propagating Fourier component Êðkr;ω; zÞ of
the field Eðr; τ; zÞ is given by

� ∂
∂z− ikz

�
Êðkr;ω;zÞ¼−2πω

c2kz
½Ĵðkr;ω;zÞ− iωP̂ðkr;ω;zÞ�;

ð2Þ

where kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2n2ðωÞ=c2 − k2r

p
is the longitudinal wave

vector, P is the third-order (Kerr) polarization, nðωÞ is the
refractive index of air, and c is the speed of light. Current
coefficient parameters for air can be found in Ref. [31]. The
current J contains the free-electron current Je and the
absorption current Jabs related to losses through photo-
ionization according to the equations

∂JeðτÞ
∂τ ¼ e2

m
NeðτÞEðτÞ − νcJeðτÞ;

JabsðτÞ ¼
Ui

EðτÞ
∂NeðτÞ
∂τ . ð3Þ

Here Ui is the ionization potential of O2 or N2 and Ne
is the free-electron density governed by ∂NeðτÞ=∂τ ¼
WðEðτÞÞ½Na − NeðτÞ�. WðEÞ is the single-electron photo-
ionization rate given by the Perelomov-Popov-Terent’ev’s
theory, Na is the density of neutrals.
The input two-color field,

Eðr;τ;z¼0Þ¼ exp

�
− r2

2a20

�

×

�
E0 exp

�
− τ2

2τ20

�
cosðω0τÞþE1 exp

�
− τ2

2τ21

�
cosð2ω0τÞ

�
;

ð4Þ

contains the fundamental frequency ν0 ¼ ω0=2π ¼
375 THz at 800 nm and its second harmonic at
750 THz. Geometrical focusing is described by multiplying
Eq. (4) by the phase factor exp½ðiωr2Þ=ð2cfÞ� in the
frequency domain, where f is the focal length of the lens.
We first simulate the filamentation and THz spectrum

evolution in the experimental conditions involving 800-
and 400-nm pulses of 1.4 mJ, 150 fs, and 10 μJ, 220 fs,
respectively. The input beam diameter is 2a0 ¼ 3 mm. The
length of the plasma channel near focus with f ¼ 15 cm is
∼1.5 cm. The temporal walk-off between the fundamental
and the second harmonic is negligible within 20 cm of the
optical path.
The low-frequency part of the filament spectrum is

integrated over the whole 12-mm transverse aperture as
done in the experiments. As evidenced by Fig. 3(a), our
numerical simulations provide new insights into the
filament-driven THz spectral dynamics. Close to the early
self-focusing Kerr stage (z ≤ 14 cm) where there are
almost no free electrons, the nonlinear polarization of
neutrals mainly contributes to the emitted THz spectrum.
The THz signal from the neutrals reaches a maximum
at z ≈ 13.8 cm [vertical line in Fig. 3(b)] and at a com-
paratively high frequency of ∼4 THz. We checked that
this signal was quantitatively reproduced by the simple
four-wave mixing model [19,20].
From there on, a first generation of plasma immediately

overwhelms the higher-frequency THz signal from neutral
air molecules. As plasma quickly builds up, the THz
spectrum changes dramatically with an abrupt down-shift
around 0.5–1 THz corresponding to the plasma frequency
[Figs. 3(b) and 3(c)]. Starting from z ≥ 15 cm the down-
shifted spectrum corresponds to that typically observed in
our experiment [Fig. 2(a)]. The intensity in this down-
shifted spectral maximum is about 3 orders of magnitude
larger than in the initial Kerr-induced THz emission at
z < 14.5 cm [see blue arrow in Fig. 3(a)]. Domination
of the photocurrent mechanism was explicitly shown in

FIG. 3. (a) Simulated frequency spectra along z in the two-color
filament. (b) Maximum of the THz spectrum (black circles joined
by black line) and peak plasma density (blue line) as function
of the propagation distance. Vertical dashed line indicates the
position of the maximum THz signal emitted by neutrals.
(c) Down-shift of the THz spectral maximum from ∼4 to
∼0.5 THz as indicated by the red contour (99% of the maximum
spectral intensity).
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Ref. [23] by recording the THz yield as a function of the
two-color phase difference.
The contribution from the four-wave mixing due to the

Kerr nonlinearity can be seen clearly in the developed
filament, since it is separated by a small dip at approx-
imately 25 THz starting from z ≈ 14.58 cm and further in
Fig. 3(a). The spectral amplitude at ω=2π ¼ ν ≥ 25 THz is
almost 3 orders of magnitude less than the peak at
ν ≈ 0.75 THz, rendering the Kerr contribution masked
by the much stronger plasma contribution.
To reveal the physical mechanisms responsible for the

on-axis and conical propagation of THz radiation, we now
simulate a purely Kerr medium and terminate the simu-
lation as soon as the ionization threshold is reached [see
green line interrupted at z ≈ 12.5 cm in Fig. 4(a)]. The THz
spectra remain confined in the forward direction [Fig. 4(e)].
Thus, starting from the onset of filamentation, the on-axis
THz source is formed, which moves with the pulse front in
the neutral medium and irradiates in the forward direction
at each z point along the filament. In contrast, conical
emission occurs as plasma defocusing does compete
with the Kerr effect [Fig. 4(f)]. The spectral intensity in
the ring (red curves) is 2 orders of magnitude larger than
at the center (green curves) [Fig. 4(f)]. When there is no
Kerr nonlinearity and the plasma only contributes to
the spectrum, terahertz conical emission takes place very
similarly to the complete configuration [Fig. 4(g)]. Hence,
photocurrents produced by plasma generation are the major
source of THz radiation [cf. Figs. 4(e) and 4(g)]. The
influence of the Kerr response manifests by the enhance-
ment of the forwardly directed THz radiation [“green”
maximum in Fig. 4(f)], experimentally observed in
Refs. [32–34]. The spatial distribution of THz radiation
integrated over the 0.05–30-THz range shows an increase

in the on-axis THz yield when both free- and bound
electron responses are included [cf. Fig. 4(c) and
Fig. 4(d)]. The ω0, 2ω0, and THz radiation extracted by
filtering the overall light field exhibit the characteristic phase
shift values 0 or π of Kerr-induced THz signals in the pulse
front region −32 < τ < −20 fs [19] [Figs. 5(a) and 5(b)].
This confirms that THz radiation born in the front before
the plasma rises (at τ ≈ −20 fs) is mainly due to four-wave
mixing. During our experimental campaign we were able
to identify the Kerr-induced broadband THz spectra by
using an ABCD detection scheme [10,14] for pump pulse
energies of 30–60 μJ, which are below the photoionization
threshold (100 μJ) in our focusing geometry.
The results of our self-consistent simulations agree

with the interference models [11,16–18], which introduce
ω − 2ω phase mismatch and plasma dispersion phenom-
enologically as key mechanisms responsible for pushing
the THz emission off axis and leading to ring formation in
the far field.
In order to show the universality of the THz conical

emission, we finally simulate the propagation of collimated
beams and plot their overall frequency-angular spectrum in
Fig. 6. The plasma channel length is ∼50 cm. The conical
emission occupies all the low-frequency region, with an on-
axis radiation being less than the conical emission propa-
gating at ∼2° from axis [see bottom of Fig. 6(a)]. Filtering
the transverse distribution at 10, 50, and 100 THz shows the
decrease in the field divergence with increasing frequency
[cf. ring radius in Figs. 6(b)–6(d)], experimentally reported
in Refs. [11,15]. As we have shown in Fig. 3(a), the higher
frequencies of the THz and far infrared range are first
produced by the Kerr nonlinearity of neutrals from the front

FIG. 4. Simulated conically divergent and on-axis THz emis-
sion from the two-color filament. The focal length is f ¼ 20 cm,
the pump pulse energy is 3.2 mJ and its duration is 54 fs.
(a) Filament peak intensity. (b)–(d) THz angular distribution
integrated over 0.05–30 THz at indicated distances and propa-
gation media. (e)–(g) Frequency-angular spectra.

FIG. 5. ω0 (red) and 2ω0 (blue) optical components, THz field
(black), and plasma density (magenta curves) in the complete
configuration [as in Figs. 4(c) and 4(f)]. The fields at ω0, 2ω0, and
THz frequency are normalized to their corresponding maximum
values Emax. (a) Overall pulse and the green frame detailing in (b)
the ω − 2ω phase matching in the front pulse region.

FIG. 6. (a) Simulated frequency-angular spectra in the two-
color filament of collimated 800- and 400-nm beams with 54 fs
pulse duration, 3.2 mJ and 10-μJ energy, respectively (spectral
intensity is in logarithmic color scale). (b–d) Simulated angular
distributions for the three selected frequencies of (a).

PRL 116, 063902 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

12 FEBRUARY 2016

063902-4



pulse and they increase the overall forward THz emission.
In addition, the natural diffraction is smaller for the higher
frequencies. Therefore, at 10 THz we have a ring with 1.8°
half-cone angle, at 50 THz the half-cone angle decreases
to 1°, and at 100 THz we observe on-axis propagation
[Figs. 6(b)–6(d)].
In conclusion, by analyzing the characteristics of THz

radiation we have solved the long-standing problem of
the mechanism of THz generation in a two-color air
filament and demonstrated that both neutrals and plasma
contribute to the THz yield. At the onset of filamentation
the polarizability of the bound electrons forms an on-axis
THz source, which is much weaker than the distinctive
free-electron photocurrent THz source. Terahertz radiation
from the photocurrent source propagates in a cone.
We displayed evidence of an abrupt down-shift of the

spectral peak in the THz spectrum from higher-frequency
Kerr contribution toward the electron plasma frequency
accompanied by more than 2 orders of magnitude increase
in the spectral intensity when photoionization takes place.
Ring-shaped spatial distributions of the THz radiation are
shown to be of universal nature and they occur in both
collimated and focusing propagation geometries. Simulated
THz conical distributions and THz spectra agree with the
experimental data.
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