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Abstract

We present a method to control broadband terahertz generation rapidly during the interac-
tion of a strong laser field with a gas. To achieve it, we utilize a few-cycle double-pulse,
which is a combination of two identically colored femtosecond fields with a time delay, as a
driving laser field. By varying the laser delay, the magnitude of the amplitude of generated
terahertz field changes drastically, making it suitable for use as a terahertz optical ultrafast
switch, with an optical period of only a few femtoseconds from ON-OFF-ON and an en-
hancement ratio of 100. Furthermore, a change in time delay can alter the terahertz field
waveform, easily generating terahertz electric fields with positive and negative polarity or
any phase in the range of [0, 1.0π]. The strength of such terahertz source can be boosted by
raising the laser wavelength. Our study will provide an effective approach for ultrafast
terahertz modulation.
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1. Introduction
Terahertz (THz) radiation, which lies between the microwave and far-infrared regions

in the electromagnetic spectrum and serves as a bridge between the transitional fields
of electronics and optics, has transient, coherence, low energy, broadband, stability and
other characteristics [1–3]. Due to its unique property, THz technology has a wide range of
applications in radiation, detection, communication, switching [4–7], and so on. During the
last decade, mechanical, electrical, thermal and optical approaches have been developed
to modulate THz waves (see, for example, Ref. [8] and references therein), among which
the switching technology has been rapidly developed. Because of the speed limitation of
electrical switching, all-optical switching has received a great deal of interest. For instance,
Hu et al. established an optical switching with a period of 16 ps in 2021 by using THz waves
in the 0.4–1.0 THz range interacting with embedded vanadium dioxide to change the spatial
layout of interconnect architectures [8]. In 2024 Yu et al. proposed a theoretical framework
and experimental validation of a non-Ermian hypersurface containing a pair of anti-chiral
anomalies as a novel method for effective THz switching, achieving modulation depths
of over 70% and periods of less than 9 ps for THz waves in the range of 0.6–0.95 THz [9].
Recent studies have proposed a variety of alternative sorts of switches [10–15]. However,
these THz emitters are extremely narrow-band.

In addition to manipulating the THz magnitude via switches, modulation of the THz
waveform is also crucial, and various waveforms are typically required to facilitate diverse
scientific fields. Among the studies controlling THz waveforms, Bai et al. demonstrated
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a scheme to generate waveform-controlled THz radiation from air plasma by varying
the filament length and the carrier-envelope-phase of few-cycle driving laser pulses [16].
Wang et al. demonstrated that different THz waveforms undergoing a phase shift of ∼ π

can be obtained by changing the position of external DC field along the laser filament [17].
Flender et al. in 2019 demonstrated that it is possible to control THz waveforms by the
relative phase between the fundamental frequency waveform and the second harmonic,
which not only influences the waveform’s amplitude, but also changes its positive and
negative sign [18]. Jiao et al. proven the THz waveform controlling with rippled plasma
driven by an inhomogeneous electrostatic field [19]. In 2024, Paparo et al. established that
the main effect of laser chirp is to lengthen the duration of the pulses, narrowing the THz
spectrum, and that a positive chirp makes the waveform more bipolar [20]. Moreover, they
proposed that combining chirp with relative phase can be used to control the THz waveform
(the influence of laser chirp on the THz waveform can also be found in Refs. [18,21]). Very
recently, Guo et al. achieved control over the polarity of the emitted THz electric field by
changing the direction of the pump laser incident on the heterostructure [22]. Additionally,
metasurfaces and metamaterials have recently been developed to act as efficient THz
modulators [23–26]. One significant work is that Kamaraju et al. demonstrated subcycle
femtosecond control of THz waveform with a time-dependent metamaterial [27]. How to
regulate the waveform and polarity of the THz field on the super-fast time scale through
additional methods remains a subject to be studied.

In this work, we present a theoretical prediction for an ultrafast optical THz magnitude
modulation with a period of only a few femtoseconds using a double-pulse femtosecond
laser interacting with a gas. In comparison to the above-mentioned optical switches,
our approach offers the advantages of being faster and having a wider frequency band.
Furthermore, the time delay in the double-pulse laser field allows for control of THz
waveforms, particularly their polarity. Our findings will be beneficial for the development
of THz applications.

2. Theoretical Model
The simulations in this paper are performed based on the photocurrent (PC)

model [28–30], which states when a strong laser pulse interacts with a gas, it ionizes
atoms or molecules, resulting in free electrons. These liberated electrons subsequently
accelerate in the laser field, producing a transverse current J(t) that oscillates over time
and radiates a THz wave. J(t) can be expressed as:

J(t) = −e
∫ t

−∞
v(t, t′)dρ(t′), (1)

where e is the electron charge, v(t, t′) denotes the velocity that free electrons ionized at the
moment t′, and dρ(t′) denotes the change in the density of the free electrons during the
time interval from t′ to t′ + dt which can be expressed as:

dρ(t)
dt

= W(t)[ρ0 − ρ(t)], (2)

where ρ0 is the initial density of the gas, ρ(t) denotes the density of ionized free electrons,
and the ionization rate W(t) can be calculated by the Ammosov-Delone-Krainov (ADK)
tunneling ionization model [31]. The velocity v(t, t′) satisfies the equation

v(t, t′) = −(e/me)
∫ t

t′
E(t′′)dt′′, (3)

where me is the electron mass and E(t) is the electric field of the laser pulse.
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The THz radiation field is then obtained by applying a Fourier transform to the time
derivative of the electron current:

ETHz(ω) ∝ F [
dJ(t)

dt
], (4)

where F denotes the Fourier transform. The inverse Fourier transform is performed to
obtain the time-domain THz electric field. According to the PC model, the magnitude of
residual current [J(t → ∞)] determines the intensity of the low-frequency THz radiation.
To be clear, the results obtained using the PC model are only predictions for microscopic
THz generation. If we are to simulate a real experiment, we must also consider the
macroscopic effects [32].

3. Results and Discussion
3.1. Waveform of Driving Laser Field

In the present simulations, a double-pulse is used as driving laser field, which can be
expressed as

E(t) = E1(t) + E2(t), (5)

E1(t) = E1 f (t)cos(ωt + φ1), (6)

E2(t) = E2 f (t − ∆t)cos[ω(t − ∆t) + φ2], (7)

where E1 and E2 are the peak amplitudes of the two laser fields, φ1 and φ2 are their phases
of the carrier envelopes (CEP). The pulse has a Gaussian envelope with f (t) = e−2ln2(t/τ)2

,
τ is the pulse duration (full width of half height), and ∆t is the time delay between two
pulses. Such a driving field can be easily generated by an interferometer, and the delay
between the two pulses can be precisely regulated, which has been recently used to control
high-order harmonic generation [33–36], which is another nonlinear process during the
interaction of laser and gas. Further, two Ti:sapphire laser beams with a controlled time
delay utilized to boost THz radiation from a preformed plasma in liquid water [37]. In our
simulations, we set the phase to φ1 = 0.

3.2. The Dependence of THz Field Strength on the Laser Time Delay

First, we show the variation of the THz field (0.1–10 THz) amplitude with time delay
between two laser pulses, as shown in Figure 1, in which three phases, φ2 = 0, 1.0π and
1.4π are illustrated. The other parameters used in the simulation are: I1 + I2 = E1

2 + E2
2 =

2.45 × 1014 W/cm2 with an intensity ratio I2/I1 = 1.0, τ = 3 fs, laser wavelength varies
from 800 nm to 1200 nm, and target atom is Ar. Here, we adopt laser pulse with short
duration to ensure strong THz radiation. It is noteworthy that some laboratories can now
produce near-infrared to mid-infrared high-energy single-cycle or even sub-cycle laser
pulses [38]. Figure 1a–c depict that, obviously, there are mainly one or two THz emissions
during the entire time interval, as time delay varies from −10 fs to 10 fs, relying on the
laser relative phase. For φ2 = 0, a strong emission centered on ∆t = 0; for φ2 = 1.0π, two
emissions of the same strength centering on ∆t = −1.3 fs and 1.3 fs, respectively; and for
φ2 = 1.4π, two emissions, one stronger one weaker, radiated around ∆t = −0.8 fs and
1.8 fs, respectively. As shown in Figure 1d–f for THz amplitude changing with delays for
800-nm driving pulse at three laser phases, it clearly displays an ultrafast optical switching
speed less than 2 fs from OFF-ON-OFF THz radiation, with an enhancement ratio of 100.
For φ2 = 0.0π, for example, the THz amplitude switches from a off-state level at −0.8 fs
(OFF) to a maximum (ON) at 0.0 fs, then to a off-state level (OFF) at 0.8 fs (here, “off-state
level” merely refers to a value that is much smaller than the strongest THz yield). As the
laser wavelength increases, the THz radiation strength increases too, but the switching
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speed for THz OFF-ON or ON-OFF stays at the same level. Such regulation also applies to
strong high-frequency THz radiation and other laser intensities. In Figure 1g we show the
THz spectra generated by one of our proposed 800-nm double-pulse laser and a commonly
used 800 + 400 nm two-color field. In the former, φ2 = 1.4π and ∆t = −0.8 fs. In the latter,
intensity ratio between second harmonic and fundamental field is 0.1, phase delay is 0.5π,
and pulse duration is 50 fs. To get a fair comparison, we chose a total intensity of 2.0 × 1014

W/cm2 for two-color laser field to have the same ionization level as a double pulse. Our
simulations show that the low-frequency THz radiations generated by two laser fields
are almost at the same level, while the high-frequency THz radiation generated by the
double-pulse laser field is significantly stronger than that generated by the two-color laser
field. In addition, the intensity ratio between two laser components in double-pulse field
influences THz intensity. For instance, when I2/I1 = 0.1, THz radiation centered on ∆t = 0
that shown in Figure 1d declines, while the other two rise, producing three OFF-ON-OFF
THz switching with nearly equal radiation strengths.

Figure 1. The variation of normalized amplitude of THz electric field (0.1–10 THz) with time delay
between two laser pulses and laser wavelength for CEP (a) φ2 = 0, (b) 1.0π and (c) 1.4π with
I2:I1 = 1:1. (d–f) Relative THz field amplitude changes with laser time delays for three laser phases
at laser wavelength of 800 nm. (g) THz spectra generated by an 800-nm double pulse and an
800 + 400 nm two-color laser field. Corresponding laser parameters are given in the text.

3.3. Ultrafast Tuning of the THz Field Waveform

Another crucial parameter worth regulating is the waveform of THz field. This
can be easily achieved with a double-pulse laser field. Here we focus on two phase
delays: φ2 = 0 and π. For ultrashort pulses with φ2 = π, Equation (5) evolves to
E(t) = −2 f (t − ∆t/2)sin(ω∆t/2)sin[ω(t − ∆t/2)] for small relative time delays. In ad-
dition to having a delay of ∆t/2 relative to time origin, and different amplitude with a
modulation factor |sin(ω∆t/2)|, the waveforms of laser fields synthesized with different
∆t have only two kinds, depending on the sign of ∆t: +sine shape for ∆t near −1.3 fs or
−sine shape for ∆t around 1.3 fs. In Figure 2 we depict the waveforms of the THz field
at four time delays: −1.5, −1.0, 0.9 and 1.3 fs. The amplitudes of the THz fields differ for
different time delays, but they have in-phase or antiphase waveforms. Laser pulses with
a negative delay generate positive-polarity (+cos) THz pulse, whereas laser pulses with
a positive delay produce negative-polarity (−cos) THz field. That is, the electric fields
for two strong THz radiations illustrated in Figure 1b have exactly the opposite polarity,
and they can convert to each other on a time scale of several femtoseconds, noting that the
time interval between two strongest emissions is 2.6 fs. Such control is equally effective for
other laser intensity ratios and wavelengths. With the increasing of laser pulse duration,
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more THz waveforms will be generated, but the THz field strength decreases. Such two
THz waveforms can be generated using laser field with φ2 = 1.4π, too.

Figure 2. The modulation of the THz electric field polarity with laser time delay. Here, φ2 = π,
λ = 800 nm and I2/I1 = 1.0.

For φ2 = 0 and I2/I1 = 1, Equation (5) evolves as E(t) = 2 f (t − ∆t/2) cos(ω∆t/2)
cos[ω(t − ∆t/2)] at short ∆t around ∆t = 0. Though the laser field with various ∆t has
the same cosinoidal waveform at τ = 3 fs, the generated THz waveforms are slightly
time-delay dependent (at shorter laser duration, i.e., τ = 2 fs, there is only one laser and
THz waveform). On the other hand, time delays near ∆t = −2.6 fs and 2.6 fs only generate
one laser, and correspondingly, one THz field waveform. We can adjust the laser intensity
ratio to produce more THz waveforms. In Figure 3 we show the THz field waveforms at
some time delays, for I2/I1 = 0.5 and τ = 3 fs. When ∆t changes from −2.5 fs, to −0.57 fs,
to 0.4 fs, and to 2.2 fs, the shape of the THz field also changes, and the corresponding phase
changes from 0 to 0.5π, to 0.21π, and 1.0π, which are determined by fitting the simulated
results with a formula ETHz(t) = ETHze−2ln2(t/τTHz)

2
cos(ωTHzt + φTHz). These fields are

no more than 10 times weaker than the strongest one at ∆t = 0. By tuning ∆t with bigger
values, we can obtain arbitrary THz waveform with phase in the range [0.5π, π].
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Figure 3. The same as Figure 2, but for φ2 = 0 and I2/I1 = 0.5. Red line is the fitting curve with a
formula ETHz(t) = ETHze−2ln2(t/τTHz)2

cos(ωTHzt + φTHz).

3.4. Ultrafast Modulation of Laser Energy and Ionization

To understand the above results, take 800-nm wavelength for an example, Figure 4a,b
show the variation of energy fluence of driving laser field, F =

∫ ∞
−∞ E(t)2dt, as a function

of time delay between two beams for two phases of 0 and π, respectively. When the delay
∆t between the two laser beams is relatively large (|∆t >∼ 8 fs|), the total laser energy is a
constant, F = 2

∫ ∞
−∞ E1(t)2dt = 2

∫ ∞
−∞ E2(t)2dt. When two laser beams overlap each other,

on the other hand, they are coherently superimposed, and the total laser energy oscillates
with time delay. Consequently, when ∆t satisfy φ2 − ω800nm∆t = 2kπ(k = 0,±1, . . . ),
F reaches the maximum; while when ∆t satisfy φ2 − ω800nm∆t = (2k + 1)π, F reaches the
minimum. For two laser phases, the maximum field fluence appears at ∆t = 0, and ±1.3 fs,
respectively. As a result, ionization level of atoms at the end of the laser pulse (calculated
with ADK model) oscillates with time delay, too, and the maximum one contributes the
strong THz emissions that shown in Figure 1. Figure 4c,d show the corresponding residual
current at two phases. The magnitude of which matches well the trend of laser fluence and
ionization change with time delay. For φ2 = π, especially, the residual currents induced by
two strong ionizations have the opposite sign, which is responsible for the regulation of the
polarity of the THz field shown in Figure 2.
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Figure 4. The variation of the laser fluence and ionization level with time delay between two laser
beams for (a) φ2 = 0 and (b) φ2 = 1.0π. (c,d) Corresponding residual currents. I2/I1 = 1.0.

3.5. Terahertz Field Strength Dependence on Laser Wavelength

Finally, we show quantitatively the variation of the THz field amplitude at different
laser wavelengths, which is very important for the sake of getting strong THz sources. It
can be seen from Figure 1a–c that the maximum value of the amplitude increases gradu-
ally as the laser wavelength increases (the optimal time delay maybe slightly depends on
laser wavelength for φ2 = π and 1.4π). A clearer numerical result is given in Figure 5a,
in which we show the dependence of strongest THz yield on laser wavelength for three
phases. Obviously, THz intensity increases with the increasing of the driving laser wave-
length. In Figure 5b we further give the enhancement factor of THz yield generated at
various wavelengths relative to that of 800-nm driving field, which displays a strong laser
phase dependence, especially at longer wavelength. When λ increases from 800 nm to
1200 nm, THz yield increases by 19.1, 3.8, and 8.6 times, respectively, for φ2 = 0, 1.0π and
1.4π. The fitting from simulated results shows a wavelength scaling law of THz yield as
λ9.14, λ2.86, and λ4.97, at three phases, respectively. These laws are qualitatively consistent
with those in the two-color field [39–43]. In general, THz radiation strength depends both
on the number of free electrons and the symmetry of the laser field waveform. For φ2 = 0,
ionization probability at the end of laser pulse calculated from ADK model remains almost
constant at short wavelengths (800 and 900 nm), then slightly increases as the wavelength
becomes longer due to the few-cycle effect [44], which scales as λ0.16. For φ2 = 1.0π and
1.4π, somewhat counterintuitively, ionization probability decreases with wavelength as
λ−0.92 and λ−0.30. We also checked maximal drift velocity dependence on wavelength,
which gives scaling law of λ1.13, λ0.94 and λ1.08, respectively, at three phases. Therefore,
the rapid enhancement of THz field with laser wavelength is likely due to the laser field’s
symmetry dependency on laser wavelength. That is, integration

∫ ∞
−∞ vd(t)dρ(t) depends

on the laser wavelength (similar detailed interpretation can be found in Ref. [45]). Such
asymmetry also depends on the relative phase of two laser pulses, so laser fields with
different phases produce different THz intensities, even at the same laser wavelength.
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Figure 5. (a) The variation of strongest THz yield with laser wavelengths. The symbols (solid squares,
triangles, and circles) represent the simulated values; solid lines are fitting curves. (b) Enhancement
factor of THz yield at different laser wavelengths relative to that of 800-nm field.

4. Conclusions
In conclusion, the femtosecond double-pulse laser field with time delay is a promising

type of driving pulse that can be used to ultrafast modulate THz amplitude and waveform.
To fill the research gap in ultrafast optical switching and controlling THz waveforms, we
have numerically simulated THz radiation generation from the interaction of a double-
pulsed laser field with argon atoms using a photocurrent model. The results reveal that as
the time delay between the two laser pulses of the driving field varies, the THz amplitude
also changes drastically. Based on this feature, we can obtain an ultrafast optical THz
switch with a photoperiod of just a few femtoseconds, which is substantially faster than
conventional optical switching. This tendency is determined not only by the electrons’
ionization probability, but also by the degree of offset of their drift speeds. In addition,
we discovered that altering the delay of the double-pulse laser field is also an effective
approach for modulating the THz waveform, where the polarity of the THz electric field
can be easily converted on a finite time scale, and THz field with more phases can also
be produced. Our simulations also show an intriguing wavelength scaling law, whereby
the intensity of the THz field can increase by increasing the wavelength of the driving
laser. Our study is of great significance and provides an effective method for modulating
THz generation.
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