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Intensity‑dependent self‑induced 
dual‑color laser phase modulation 
and its effect on terahertz 
generation
Chen Gong1, Iwao Kawayama1,2, Hironaru Murakami1, Takahiro Teramoto3 & 
Masayoshi Tonouchi1*

Powerful, broadband terahertz (THz) pulses and its application attract an exponential growth of 
interests. Dual‑color laser filamentation in gases is one of the promising THz sources because of 
the scalability of the THz energy and wavelength with input parameters. But the additional phase 
induced by the nonlinearities associated with high intensities cannot be neglected because it may 
result in modulation of the THz waves. We investigate the influences of the infrared pump energy 
and air dispersion on the terahertz generation in dual‑color laser filament. We observe that optimum 
dual‑color laser relative phase of the THz generation undergoes a linear shift with increasing pump 
energy due to the intensity‑induced refractive index change. This phase shift is verified by the 
spectral broadening of a two‑color laser affected by the same mechanism. The result improves our 
understanding of the theoretical framework for a higher power THz source.

The terahertz (THz) frequency range lies at the boundary of high-frequency electronics and photonics, which acts 
as a bridge between the two  technologies1,2. In recent years, increasing attention has been paid to the nonlinear 
interactions between strong THz electromagnetic fields and materials, including ultrafast terahertz  spintronics3, 
ultrafast thermochemical reaction  kinetics4, and terahertz biological  effects5. One of the most powerful table-top 
sources of THz pulse radiation is generated by a femtosecond (fs) laser-induced  filament6. This method is usually 
performed with an intense infrared (IR) pulse from amplified Ti:Sapphire laser system and its second harmonic 
(ω and 2ω) which is frequency converted with nonlinear crystals such as type-I β-BaB2O4 (BBO). In contrast to 
other ultrafast-femtosecond-laser-based methods using electro-optical  crystals7, photoconductive  switches8 or 
semiconductor  wafers9,10, laser filament-based method has no damage threshold for the emitter. With 10 fs pulse 
and its second harmonic focused in air, the corresponding spectral bandwidth can be extended to 100  THz11. 
Such ultrafast THz pulses can achieve very high peak intensities, which are essential to pave the way for further 
new research and applications of nonlinear interactions.

The THz wave generation process has been explained by a four-wave mixing model based on the third-order 
nonlinearity χ(3) in  air12–14, or a photocurrent model based on tunneling  ionization15–17. These correspond to 
a nonlinear polarization for the THz emission owing to the bound and free electrons respectively. What both 
models have in common is the dual-wavelength phase matching condition for the effective THz radiation. Such a 
relative phase can be typically tuned by varying the distance between the nonlinear optical crystal and the focus, 
that is, adjusting the optical path lengths for ω and 2ω owing to air  dispersion13,18,19 or using an in-line phase 
compensator to introduce an additional relative  phase20. However, it has been shown that an additional relative 
phase between the ω and 2ω is introduced by varying the intensity, thus changing the optimal distance between 
the BBO and the focal point for THz  generation19,21. Few in-depth studies on the additional phase associated 
with the nonlinearity introduced by high intensities have been conducted.

A similar topic is white-light generation during the self-focusing process of ultra-short laser, which is closely 
related to  filamentation22,23. At sufficiently high input intensity, an extremely broaden part on the blue side of 
the emission pulse spectrum appears, which has been explained by intensity-dependent refractive index causing 
temporal deformation of the laser pulse. Specifically, an additional phase induced by the interaction of high inten-
sity in self-focal region with nonlinear medium and plasma during the filamentation process, i.e., the self-phase 
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modulation (SPM)24. Extremely fast and strong local refractive index variation also induces an additional phase 
to the 2ω laser pulse, known as cross-phase modulation (XPM)25. Therefore, observing the ω and 2ω frequency 
shifts caused by SPM and XPM can be an effective method to provide further understanding of the mechanism 
of intensity induced THz modulation.

In this study, the evolution of THz radiation from a dual-color laser filament in air is quantitatively investi-
gated by changing the incident IR pulse energy and BBO-to-focal distance. In our experiments, the observed 
shift in the optimal position of THz radiation implies an intensity dependent additional relative phase. An 
oscillatory power function is proposed to fit the output THz pulse energy measurement results. The additional 
phase term is proportional to the IR pulse energy, and the validity of this linear relationship is supported by the 
measured ω and 2ω blue shifts due to SPM and XPM. As a complement to the validation of the fit function, the 
two orthogonal polarization components of the THz pulse are measured, and their ratios are also consistent 
with the fitting parameters.

Experimental setup
All the experiments were conducted at room temperature and standard atmospheric pressure. The experimental 
setup is shown in Fig. 1a. A Ti:sapphire femtosecond laser amplifier (Spitfire Pro, Spectra Physics) is employed 
to generate 1 kHz, 100 fs horizontal polarized pulses at a center wavelength of 800 nm. After being focused by 
a convex lens with a focal length of 150 mm, laser pulses propagate through a 0.1 mm-thick type-I β-barium 
borate (BBO) crystal to generate second harmonic pulses. BBO crystal is mounted on a one-dimensional linear 
stage so that the distance d between BBO and focus is adjustable in the range of 20–55 mm. Incident plane of 
BBO is adjusted as perpendicular to incident beam. At the focus a ~ 6 mm long laser filament in air is created by 
dual-color pulses when the pulse energy is 2.75 mJ. Figure 1b shows a series of photographs of laser filaments 
versus variate incident pulse energy captured by a charge-coupled-device (CCD) camera. THz radiation from 
laser filament is collected and collimated by a pair of off-axis parabolic mirrors (PM1 and PM2) after eliminating 
the pump laser pulses with a high-resistance silicon (HRS) filter. A calibrated pyroelectric detector (SPI-A-62-
THz, Gentec-EO), with spectral response from 0.1 to 30 THz, 0.4 nW/Hz−1/2 noise equivalent power (NEP) and 
33 kV/W responsivity at a chopping frequency of 13 Hz26, is used to measure the THz pulse energy with pump 
pulse energy being adjusted through a circular variable neutral density filter (NDF). To record the frequency shift 

Figure 1.  Schematic setup of a dual-color laser filament THz generation system. (a) Infrared 800 nm pulse 
from amplified Ti:Sapphire laser system and its second harmonic (ω and 2ω) converted with a 0.1 mm type-I 
β-BaB2O4 (BBO) co-focused on air at standard atmospheric pressure to form a laser filament as shown in (b). 
The distance d between the BBO crystal and the laser filament is adjusted by a linear stage. After the filament, 
ω, 2ω and emitted THz pulses are collected by a parabolic mirror (PM1). The ω and 2ω pulses are then filtered 
by a high-resistance silicon (HRS) wafer, the THz pulses are focused by another parabolic mirror (PM2), and 
the pulse energy is measured by a pyroelectric detector (SPI-A-62-THz). (b) CCD images of filaments taken at 
corresponding incident pulse energies adjusted by a circular variable neutral density filter (NDF).
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induced by the laser filament, spectrum emitted directly from laser filament was measured with a spectrometer 
(USB2000 + , Ocean Optics) when the HRS filter was removed.

Results and discussion
THz generation models. In both the four-wave mixing (FWM) and photocurrent (PC) model, the THz 
electric field ETHz can be described as functions of incident laser electric  field13–16:

where Eω and E2ω are the amplitudes of the fundamental (ω) and its second harmonic (2ω) electric fields, respec-
tively, and θ is the relative phase between these two waves. In addition, χ(3) is known as the third-order nonlinear 
optical susceptibility of the optical medium, and f(Eω) is a function describing the dependence of the ionization 
rate on the incident fundamental electric field Eω, which is expressed variably in different ionization  models8. 
Equations (1) and (2) indicate an optimal dual-wavelength phase-matching condition for both models, which 
affects the effective THz generation when the relative phase θ is modulated.

THz pulse energy and dual‑color pulse spectral measurements. Figure 2 illustrates the measured 
THz pulse energy ITHz versus the BBO-to-focal distance d and incident IR pulse energy Iω adjusted from 0.75 to 
2.75 mJ, which are represented logarithmically for clarity. With an increase in Iω , ITHz shows an overall exponen-
tial growth and exhibits periodic oscillations with d. Note that the measured data is the total energy of the THz 
pulse, not the peak electric field at a particular point in time. According to Eqs. (1) or (2), the oscillations should 
be represented as  sin2(θ) or  cos2(θ) for I ∝ |E|2 . This oscillation behavior has been recognized by many stud-
ies as the dispersion of air between ω and 2ω13,18,19. It is interesting to note that the extrema position gradually 
shifted away from the focus with an increase in Iω The maximum value at a 2.75 mJ pump has a position offset 
of ~ 5 mm compared to a 0.75 mJ pump, which indicates an intensity-dependent phase shift. To gain insight into 
the origin of this phase shift, we measured the spectra of the dual-wavelength pulses before and after focusing at 
different incident pulse energies. Normalized spectra are shown in Fig. 3a,b, in which the central frequency shift 
and increased broadening on the blue side of both ω and 2ω were observed as Iω increased. 

Intensity induced nonlinearity. Frequency broadening introduced by laser filament was first observed in 
 197027. Since then, the phenomenon has been observed in a variety of media, including  liquids28 and  gases29,30, 
and has been interpreted by Chin et al.24 The refractive index of a strong electromagnetic field in air depends not 
only on the frequency, but also on the spatial and time-dependent intensity I(r, t). In most cases of THz genera-
tion from a dual-color laser filament, a transverse Gaussian  TEM00 mode beam with radially decreasing intensity 
I(r) from its center to the edges is often used. During propagation, the wavefront curvature gradually collapses 
by the spatial intensity-dependent refractive index, which is well known as the self-focusing effect. Also, high 
intensity  (1012 ~ 1014 W·cm−2) at focus leads to tunneling/multiphoton ionization of the gas molecules, resulting 

(1)ETHz,FWM ∝ χ(3)|E2ωEωEω| cos (θ),

(2)ETHz,PC ∝ f (Eω)E2ω sin (θ),

Figure 2.  THz radiation evolution by changing the incident IR pulse energy and BBO-to-focal distance. 
Symbolic points are the THz pulse energy obtained at different type-I β-BaB2O4 (BBO)-to-focal distance d 
and incident pulse energy Iω adjusted by an optical attenuator from 0.75 to 2.75 mJ; Solid curves are the fitting 
results according to an oscillatory power function Eq. (9) described in the “Results and discussion” section. 
Error bars represent the standard deviation of three measurements.
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in the generation of  plasma31. The combination of optical Kerr effect, multiphoton absorption and ionization 
causes the laser pulse to undergo a series of focusing-defocusing cycles in air, maintaining a long-range self-
confined propagation and forming a long plasma channel. The macroscopically observed cumulated ionization 
tracks along the propagation are known as a filament shown in Fig. 1b.

Ultra-short optical pulses also affect the refractive index by means of temporal intensity variation. We consider 
the temporal electric field as a Gaussian envelope and transform the time variable ξ = t − z/vg to a frame comoving 
with the group velocity vg of the laser pulse. For an electromagnetic wave of frequency ω0, the temporal change 
in refractive index Δn(ξ) affected by the intensity variation is

The first and second terms on the r.h.s. of Eq. (3) account for the nonlinear contribution of the optical Kerr 
effect and free carriers in plasma respectively. The coefficient of the nonlinear Kerr index n2 is related to the third 
order susceptibility by χ(3) = 4ε0cn2n

2
0/3

32, where ε0 denotes the free space permittivity, n0 is the linear refractive 
index of air, c is the speed of light in vacuum and I(ξ) is the temporal Gaussian pulse intensity. The change in the 
refractive index introduced by the plasma is calculated from an approximation of ωp =

√

e2Ne(ξ)/ε0me ≪ ω0
24,  

where ωp is the plasma frequency, Ne(ξ) is the tunneling/multiphoton ionization generated time-dependent 
electron density in the air, and e and me are the electron charge and mass respectively. As the pulse propagates 
along the z-axis, the additional phase introduced by the SPM at time ξ is expressed as:

(3)�n(ξ) = n2I(ξ)−
ω2
p

2n20ω
2
0

.

(4)ϕSPM(ξ) = −
ω0�n(ξ)

c
z =

ω0

c

[

ω2
p

2n20ω
2
0

− n2I(ξ)

]

z.

Figure 3.  Normalized spectra of fundamental wave ω (a) and second harmonic wave 2ω (b). Solid lines are the 
spectra emitted from a laser filament, and the dashed lines are the spectra measured before the focusing.
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Then the pulse frequency change due to SPM is equal to:

In Eq. (5), the electron density Ne(ξ) is dominated by the ionization rate associated with the incident laser 
intensity I(ξ)33, which gradually increases with I(ξ) and reaches a maximum increment at the peak. However, 
because the electron–ion recombination time is usually much longer than the femtosecond scale of the pulse 
 width34,35, Ne(ξ) should be considered static after the peak. Therefore, the first term on the r.h.s. of Eq. (5) has 
positive values only, i.e., the frequency shift due to the plasma is blueshift. On the other hand, SPM induced by the 
Kerr nonlinearity broaden the spectrum of the pulse symmetrically. That is, as indicated by the second term on 
the r.h.s. of Eq. (5), at the leading edge of the intensity, the frequency change caused by the Kerr effect is negative 
and appears as a redshift, while at the trailing edge is a blueshift. However, in our experimental results (Fig. 3), 
we did not observe any redshift in the ω laser spectrum after focusing. This indicates that the plasma-induced 
SPM have counteracted locally the SPM caused by the Kerr effect, or that the Kerr nonlinearity is negligible 
compared to the effect of the plasma. We thus assume that additional phases introduced by the plasma contribute 
all of the blueshifts. Set the pulse peak at the time coordinate origin, the SPM induced total phase retardation of 
a Gaussian pulse with pulse width τ0 can be calculated as follows:

In the same way, for a second harmonic pulse with a width of τ ′

0 , we have:

It can be seen from Eqs. (6) and (7) that the phase shift caused by the filament is related to the integration of 
dNe(ξ) over time based on the plane wave hypothesis. Since the electron density variation only occurs near the 
peak, the total phase shift �ϕSPM of the ω pulse through the laser filament can be considered to be proportional 
to its frequency shift �ωSPM , i.e., �ϕSPM ∝ �ωSPM , and similarly �ϕXPM ∝ �(2ω)XPM . The additional relative 
phase θf of the dual-color laser induced by SPM and XPM can then be written as follows:

In practice, inhomogeneous intensity distributions near the focal point may lead to invalidation of the plane 
wave hypothesis. A more general approach is to take the spatial distribution of laser pulses as a three-dimensional 
function and translate the effect of the lens into a transversely equivalent refractive index, which can be further 
solved by combining the Kerr self-focusing and plasma self-defocusing effects.

Fitting function. To investigate the relationship between the dual-wavelength pulses spectral broadening, 
relative phase and incident light energy, an oscillatory power function as expressed as Eq. (9) below is proposed 
to describe the THz pulse energy evolution. The relationship between the input IR pulse energy Iω , BBO-to-focal 
distance d and measured THz pulse energy ITHz was fitted nonlinearly using the standard Levenberg–Marquardt 
algorithm with a tolerance of  10−6 was used. The best fitting result is shown in Fig. 2 as solid curves with the coef-
ficient of determination R2 = 0.9945, and the fitting parameters are listed in Table 1.

Oscillation term in the function. We first concentrate on the oscillation-related term in Eq. (9). Because 
we measured the THz pulse energy instead of the amplitude of the THz electric field, the oscillation term is rep-
resented by a square of a sinusoidal function. The γd term denotes the dispersion in air calculated using γ = 2ω 
(n2ω − nω) / c, where nω and n2ω are the refractive indices of the 800- and 400-nm waves in  air36 respectively. The 
constant term φ0 represents a series of additional relative phases during the propagation of ω and 2ω waves that 
are independent of Iω and d, which can be caused by BBO  birefringence17, Gouy phase  shift37, or other factors. 
The negative phase term δ Iω is understood as the Iω dependent relative phase caused by the plasma disper-
sion. To verify it, the phase shifts of ω and 2ω waves in the laser filament are calculated from Eq. (8), which are 
obtained by subtracting the frequencies at the 1/e peak value of the spectra before and after focusing. The calcu-
lated additional relative phases are represented as the squares in Fig. 4, which are fitted by the linear dependent 

(5)ωSPM(ξ) =
∂

∂ξ
ϕSPM(ξ) =

e2z

2n20ε0mecω0

∂Ne(ξ)

∂ξ
−

ω0z

c
n2

∂I(ξ)

∂ξ
.

(6)�ϕSPM =
+τ0/2

∫
−τ0/2

ωSPM(ξ)dξ ∼=
e2z

2n20ε0mecω0

+τ0/2

∫
−τ0/2

dNe(ξ).

(7)�ϕXPM =
+τ

′

0/2

∫

−τ
′

0/2

ωXPM(ξ)dξ ∼=
e2z

4n20ε0mecω0

+τ
′

0/2

∫

−τ
′

0/2

dNe(ξ).

(8)θf ∝ �ωSPM −�(2ω)XPM.

(9)ITHz =
I3ω
d

[

α + βsin2(γ d − δIω + ϕ0)
]

,

Table 1.  Fitting parameters of Eq. (9) based on the data in Fig. 2 (SI units).

α β γ (fixed) δ φ0

5.862 × 10−6 5.069 × 10−6 0.1211 3.104 × 10−4 1.413
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term δ Iω as indicated by the solid line. The measured data are in good agreement with the linear fit, proving that 
intensity-dependent laser-induced filament affects the relative phase of the dual-color laser field.

Polarization terms in the function. The constant term α, which is the non-zero part of oscillatory curves, 
has also been observed in previous  studies17,21. According to Ref.17, the polarization of 2ω pulse generated from 
the BBO crystal is not in parallel but rather an angle Θ with incident ω pulse. Only the projection component of 
the ω field along the 2ω polarization contributes to THz generation. You et al. provided a detailed explanation in 
their previous  study38. Owing to the cross action in the high-intensity pump, 2ω polarization gradually develops 
into a rotating elliptical within laser filament, resulting in an elliptically polarized THz emission. Therefore, 
Eq. (9) can be rewritten as follows:

Equation (10) can be recognized as a superposition of two orthogonal polarization components. To verify 
it, we added a wire grid polarizer in front of the pyroelectric detector to measure the THz pulse energy in dif-
ferent polarization directions at the corresponding peak positions in Fig. 2. The measured results are shown in 

(10)ITHz =
I3ω
d

[

αcos2(γ d − δIω + ϕ0)+ (α + β)sin2(γ d − δIω + ϕ0)
]

.

Figure 4.  Intensity dependent nonlinearity induced dual-wavelength relative phase evolution. Additional 
relative phase shift θf calculated from Eq. (8) (square) and linear fitting δIω from Eq. (9) (solid line) as a function 
of the incident pulse energy.

Figure 5.  THz pulse energy versus polarization angle and input pulse energy. Polarized THz pulse energy is 
measured at the corresponding peak position in Fig. 2. The polarization angle is adjusted by a wire grid polarizer 
in front of the pyroelectric detector. Error bars represent standard deviation of five measurements.
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Fig. 5. The ratio of the two polarization intensity extremes is consistent with Eq. (10), which further verifies the 
accuracy of the fitting.

Discussion on the cubic term. In Eq. (10), the emitted THz pulse energy ITHz is proportional to I3ω , and 
inversely proportional to d. Because the second-harmonic generation efficiency is a function of squared incident 
intensity: I2ω ∝ I2ω

32, the 2ω pulse intensity I2ω can be approximately considered as I2ω(d) ∝ I2ω/d . The agree-
ment between the cubic function and experimental results seems to imply that THz radiation should mainly 
contribute to the photocurrent rather than to the four-wave mixing, because the dependence of ITHz on Iω does 
not obey the power laws predicted by Eq. (1). However, in the case of short focusing, the spatio-temporal simula-
tion becomes extremely demanding because it involves large different scales of the incident pulse intensity distri-
bution I(r, t). As far as the experimental results involved in the preset paper are concerned, we cannot conclude 
on which mechanism contributes more to THz generation.

Conclusion and outlook
In summary, by measure the THz pulse energy evolution we observed that the relative phase of the incident 
dual-wavelength pulses, an important factor in the modulation of THz generation, is modulated not only by the 
additional dispersion by air, but also by the temporal refractive index changes due to the self-induced intensity 
dependent nonlinearity. An oscillatory exponential function is proposed to fit the observed THz pulse energy 
evolution, by which the relative phase causing the THz modulation is found to be proportional to the incident 
pump pulse energy. And the validity of this curve fitting is also confirmed by the SPM and XPM modulated 
dual-color filament spectra and THz polarization orthogonal component ratio. Although the phase modulation 
at short focal lengths is not as pronounced as in the case of long laser filaments, the observed nonlinear effects 
introduced by the high-intensity light field are still not negligible and provide further insights into the mechanism 
of formation and evolution of laser filaments in air. However, this article cannot account for the scaling law of 
THz energy versus incident IR energy, i.e., the cubic term in the fit function, which requires accurate spatiotem-
poral modeling of filaments in this particular experimental parameter regime. This investigation will be helpful 
to those working on the principles of a laser filament THz generation mechanism, and will also be useful for 
building intense wideband THz sources and systems for further application experiments.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 10 November 2020; Accepted: 16 December 2020

References
 1. Tonouchi, M. Cutting-edge terahertz technology. Nat. Photonics 1, 97–105 (2007).
 2. Zhang, X. C., Shkurinov, A. & Zhang, Y. Extreme terahertz science. Nat Photonics 11, 16–18 (2017).
 3. Maag, T. et al. Coherent cyclotron motion beyond Kohn’s theorem. Nat. Phys. 12, 119–123 (2016).
 4. Nicoletti, D. & Cavalleri, A. Nonlinear light–matter interaction at terahertz frequencies. Adv. Opt. Photon. 8, 401 (2016).
 5. Egodapitiya, K. N., Li, S. & Jones, R. R. Terahertz-induced field-free orientation of rotationally excited molecules. Phys. Rev. Lett. 

112, 103002 (2014).
 6. Lewis, R. A. A review of terahertz sources. J. Phys. D: Appl. Phys. 47, 374001 (2014).
 7. Zhang, X. C. et al. Terahertz optical rectification from a nonlinear organic crystal. Appl. Phys. Lett. 61, 3080–3082 (1992).
 8. Van Exter, M., Fattinger, C. & Grischkowsky, D. High-brightness terahertz beams characterized with an ultrafast detector. Appl. 

Phys. Lett. 55, 337–339 (1989).
 9. Zhang, X. C., Hu, B. B., Darrow, J. T. & Auston, D. H. Generation of femtosecond electromagnetic pulses from semiconductor 

surfaces. Appl. Phys. Lett. 56, 1011–1013 (1990).
 10. Apostolopoulos, V. & Barnes, M. E. THz emitters based on the photo-Dember effect. J. Phys. D. Appl. Phys. 47, 374002 (2014).
 11. Matsubara, E., Nagai, M. & Ashida, M. Ultrabroadband coherent electric field from far infrared to 200 THz using air plasma 

induced by 10 fs pulses. Appl. Phys. Lett. 101, 011105 (2012).
 12. Cook, D. J. & Hochstrasser, R. M. Intense terahertz pulses by four-wave rectification in air. Opt. Lett. 25, 1210 (2000).
 13. Kress, M., Löffler, T., Eden, S., Thomson, M. & Roskos, H. G. Terahertz-pulse generation by photoionization of air with laser pulses 

composed of both fundamental and second-harmonic waves. Opt. Lett. 29, 1120 (2004).
 14. Xie, X., Dai, J. & Zhang, X.-C. Coherent control of THz wave generation in ambient air. Phys. Rev. Lett. 96, 075005 (2006).
 15. 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).
 16. Kim, K.-Y. Generation of coherent terahertz radiation in ultrafast laser-gas interactions. Phys. Plasmas 16, 056706 (2009).
 17. Oh, T. I., You, Y. S. & Kim, K. Y. Two-dimensional plasma current and optimized terahertz generation in two-color photoioniza-

tion. Opt. Express 20, 19778 (2012).
 18. Wen, H. & Lindenberg, A. M. Coherent terahertz polarization control through manipulation of electron trajectories. Phys. Rev. 

Lett. 103, 023902 (2009).
 19. Xie, J., Fan, W.-H. & Chen, X. Systematic experimental study on a highly efficient terahertz source based on two-color laser-induced 

air plasma. Laser Phys. 26, 055002 (2016).
 20. 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).
 21. Liu, Y., Houard, A., Durand, M., Prade, B. & Mysyrowicz, A. Maker fringes in the Terahertz radiation produced by a 2-color laser 

field in air. Opt. Express 17, 11480 (2009).
 22. Gaeta, A. L. Catastrophic collapse of ultrashort pulses. Phys. Rev. Lett. 84, 3582–3585 (2000).
 23. Aközbek, N., Scalora, M., Bowden, C. M. & Chin, S. L. White-light continuum generation and filamentation during the propaga-

tion of ultra-short laser pulses in air. Opt. Commun. 191, 353–362 (2001).
 24. Chin, S. L. Femtosecond Laser Filamentation (Springer-Verlag, New York, 2010).



8

Vol:.(1234567890)

Scientific Reports |          (2021) 11:498  | https://doi.org/10.1038/s41598-020-80105-7

www.nature.com/scientificreports/

 25. Kosareva, O. et al. Polarization rotation due to femtosecond filamentation in an atomic gas. Opt. Lett. 35, 2904 (2010).
 26. Jang, D., Kimbrue, M., Yoo, Y.-J. & Kim, K.-Y. Spectral characterization of a microbolometer focal plane array at terahertz frequen-

cies. IEEE Trans. Terahertz Sci. Technol. 9, 150–154 (2019).
 27. Alfano, R. R. & Shapiro, S. L. Observation of self-phase modulation and small-scale filaments in crystals and glasses. Phys. Rev. 

Lett. 24, 592–594 (1970).
 28. Smith, W. L., Liu, P. & Bloembergen, N. Superbroadening in  H2O and  D2O by self-focused picosecond pulses from a YAlG: Nd 

laser. Phys. Rev. A 15, 2396–2403 (1977).
 29. Rae, S. C. Spectral blueshifting and spatial defocusing of intense laser pulses in dense gases. Opt. Commun. 104, 330–335 (1994).
 30. Le Blanc, S. P., Rae, S. C., Burnett, K. & Sauerbrey, R. Spectral blue shifting of a femtosecond laser pulse propagating through a 

high-pressure gas. J. Opt. Soc. Am. B 10, 1801 (1993).
 31. Lin, S. H., Villaeys, A. A. & Fujimura, Y. Advances in Multi-Photon Processes and Spectroscopy vol. 16 (World Scientific, 2004).
 32. Boyd, R. Nonlinear Optics. (Academic Press, 2008).
 33. Talebpour, A., Yang, J. & Chin, S. L. Semi-empirical model for the rate of tunnel ionization of  N2 and  O2 molecule in an intense 

Ti:sapphire laser pulse. Opt. Commun. 163, 29–32 (1999).
 34. Sharma, A. et al. Counting the electrons in a multiphoton ionization by elastic scattering of microwaves. Sci. Rep. 8, 2874 (2018).
 35. Jusko, C. et al. Filamentation-assisted plasma lifetime measurements in atomic and molecular gases via third-harmonic enhance-

ment. J. Opt. Soc. Am. B 36, 3505 (2019).
 36. Ciddor, P. E. Refractive index of air: new equations for the visible and near infrared. Appl. Opt. 35, 1566 (1996).
 37. Lindner, F. et al. Gouy phase shift for few-cycle laser pulses. Phys. Rev. Lett. 92, 113001 (2004).
 38. You, Y. S., Oh, T. Il & Kim, K.-Y. Mechanism of elliptically polarized terahertz generation in two-color laser filamentation. Opt. 

Lett. 38, 1034 (2013).

Acknowledgements
We would like to thank K. Wang for the useful discussions. C. Gong acknowledges the support of Japanese 
Government (Monbukagakusho: MEXT, Grant No.181578).

Author contributions
C.G. and M.T. conceptualized the work. C.G. carried out the experiments. All authors discussed the results. C.G., 
T.T. and M.T. analyzed data and wrote the paper. I.K., H.M. and T.T. commented on the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.T.

Reprints and permissions information is available at www.nature.com/reprints.

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 licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Intensity-dependent self-induced dual-color laser phase modulation and its effect on terahertz generation
	Experimental setup
	Results and discussion
	THz generation models. 
	THz pulse energy and dual-color pulse spectral measurements. 
	Intensity induced nonlinearity. 
	Fitting function. 
	Oscillation term in the function. 
	Polarization terms in the function. 
	Discussion on the cubic term. 

	Conclusion and outlook
	References
	Acknowledgements


