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In this work, a simplified propagation model is proposed to specifically study the propagation effects of
the driving laser pulse on the terahertz radiation in a gaseous medium for a short propagation distance. The
simulations indicate that, due to the atomic ionization process and the energy redistribution between the laser
field and the ionized electrons, the bichromatic laser pulses experience significant energy decaying, blue-shift,
and a trailing edge broadening. As a result, the behaviors of the ionized electrons in the deformed laser field lead
to the blue-shift and the multipeak structures in the terahertz radiation spectrum. Further investigations show that
the differences of the terahertz spectrum for different relative phases of the fundamental and the second harmonic
fields are gradually fading away as the driving laser pulse propagates. All these results strongly suggest that the
propagation effects should be taken into consideration while it is generally disregarded.
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I. INTRODUCTION

In the past decades, the terahertz (THz) radiation that
lies between the microwave and the infrared regions of the
electromagnetic spectrum attracted extensive interests for its
increasing potential in areas of research, industry, and de-
fense [1–4]. For example, the THz radiation can penetrate
fabrics as well as other materials, which allows it to image
and detect concealed threats such as weapons, explosives, or
chemicals in security areas [4–9]. The THz band also opens
a rich spectral window for numerous low-energy excitation,
such as vibrations of the crystal lattice, rotations of molecules,
spin waves, internal excitation of electron-hole pairs, phonons
in crystalline solids, and the hydration states of a biological
system [10–12].

One of the main THz generation mechanisms is the optical
rectification model in which the fundamental frequency of an
infrared femtosecond laser pulse was down-converted to THz
regime via second-order susceptibility in noncentrosymmetric
crystals. Another crucial mechanism is the transient current
model, where the photoconductive current driven by exter-
nal electromagnetic fields in solid or gaseous media plays
an important role. For instance, the produced plasma by the
gaseous or solid media subjected to the strong laser fields
acts as frequency converter towards the THz range [13–16].
The superposed asymmetric optical field makes the ionized
electrons drift to produce a directional net current in the low-
frequency regime, which emits the THz radiation obeying the
Jefimenkos’ equation [17]. Microscopically, the generation of
THz radiation originates from the motion of electrons, such
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as the released electrons through the field-ionizing processes
in the intense laser field and the photoconductive electrons
in semiconductor medium excited by femtosecond lasers, and
the spin-carrying electrons in two-dimensional semiconduc-
tors exposed to magnetic fields, and so on.

Since there is no damage threshold for gaseous media, air
or noble gases are usually used as the source for generating
THz radiation [18,19]. By adjusting the incident laser pa-
rameters, such as frequencies and relative phase differences,
one can obtain the terahertz radiations that meet various cor-
responding needs. In these situations, the ultimate goal is
to control the trajectories and velocities of electrons in the
external fields [20–27].

During the generation of the THz radiation, the driving
laser pulses inevitably travel a certain distance in the gaseous
medium in which the profile of the laser pulses would ex-
perience attenuation and deformation and so on due to the
field-ionizing process, and all of these effects need to be taken
into account (see the schematic diagram in Fig. 1). Though
extensive research on the generation of terahertz radiation as
the intense laser pulse propagates a meter-scale distance in air
have been done, only the propagation of the envelope of the
laser pulse is considered. While the short-range propagation of
the entire temporal profile of the laser field in inert gases was
extensively studied in the generation of high-order harmonics,
it is not the case for THz radiation. It is to be expected that
the THz radiation would undergo complicated changes in both
frequency and temporal domains.

In this paper, we propose a simplified model for the
propagation of driving laser pulse based on the Maxwell
equations and the field ionization model and then investigate
the generation of THz radiation. We choose a linearly polar-
ized and synthesized laser pulse consisting of a fundamental
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frequency field and its second harmonic field, where the rel-
ative phase is an adjustable parameter. The strength of the
laser fields lies in the tunneling ionization regime and the
mechanism of the THz radiation generation is the transient
current. Throughout this paper, the international system of
units is adopted unless otherwise noted.

II. THEORETICAL MODEL

As an intense laser pulse propagates in a gaseous medium,
its temporal evolution is governed by the Maxwell equa-
tions coupled with field-ionized models, such as tunnel
ionization, multiphoton ionization, and so on. To reduce the
computational costs, it is convenient to adopt the comoving
frame, τ = t − z/c and ξ = z, where t and z are the time
and propagation variables in the laboratory frame and c is the
speed of light in a vacuum. By using the slow-varying envelop
approximation (| ∂2

∂ξ 2 | � |k0
∂
∂ξ

| with the wave number k0), the
propagation equation reads [28,29]

−2

c

∂2E
∂ξ∂τ

+ ∇2
⊥E = μ0

∂2Pi

∂τ 2
+ μ0

∂Je

∂τ
, (1)

where ∇2
⊥ = ∂2/∂x2 + ∂2/∂y2 is the transverse Laplace op-

erator that contributes to the diffraction of the laser beams.
When the propagation distance (∼1 cm) is far less than the
Rayleigh length, the transverse diffraction effects can be
neglected. In addition, for a dilute gaseous medium, the con-
tribution to the electric polarization from the neutral atoms is
not taken into consideration because it is sufficiently small
compared with that from the ionized electrons [28]. The
electric polarization response Pi(τ ) characterizes the atomic
ionization process, Je(τ ) is the electric current caused by the
ionized electrons in the laser field, and μ0 is the permeability
of the vacuum.

During the atomic ionization of the gaseous medium, the
energy loss rate can be evaluated by E(τ )dPi(τ ) = eIpdρe(τ ),
which gives

∂Pi(τ )

∂τ
= eIp

E(τ )

|E (τ )|2
∂ρe

∂τ
. (2)

Here, Ip is the atomic ionization potential and e is the electron
charge. The time-dependent electron density ρe is described
by the rate equation

∂ρe(τ )

∂τ
= W (τ )[ρ0 − ρe(τ )], (3)

where ρ0 is the initial density of the neutral atoms and W (τ )
is the ionization rate. In this work, we adopt the Ammosov-
Delone-Krainov (ADK) model [30] to obtain the value of
W (τ ) without loss of generality.

The plasma current Je(τ ) is caused by the movement of
the ionized electrons in the laser field and it depends on the
transient velocity and the electron density

Je(τ ) = e
∫ τ

−∞

∂ρe

∂τ ′ V(τ, τ ′)dτ ′, (4)

where V(τ, τ ′) is the velocity at τ of the ionized electron with
the birth time τ ′.

By integrating Eq. (1) over the time [−∞, τ ] from both
sides and using Eqs. (2) and (4), the propagation equation of

the intense laser pulses can be written in integral-differential
form as [28]

∂E(τ )

∂ξ
= −eμ0cIp

2

[
E(τ )

|E (τ )|2
∂ρe

∂τ

]

− 1

2c

∫ τ

−∞
ω2

p(τ ′)E(τ ′)dτ ′, (5)

where ∂V(τ, τ ′)/∂τ = eE(τ )/me is used, the time-dependent
plasma frequency ωp(τ ) =

√
ρe(τ )e2/(meε0), μ0ε0 = 1/c2,

and me is the rest mass of an electron. The first term on the
right-hand side represents the laser energy loss due to the op-
tical field-ionization of the gaseous medium. The second term
means that the ionized electrons gain their kinetic energies
from the laser field and then oscillate with the time-varying
frequency ωp(τ ). For convenience, we ignore the explicit de-
pendence of physical quantities to ξ .

According to the Jefimenkos’ theory [17], the far-field THz
radiation is proportional to the derivative of the electric cur-
rent with respect to τ , ETHz(τ ) ∝ ∂Je(τ )/∂τ . From Eq. (4),
we have

∂Je(τ )

∂τ
= ε0ω

2
p(τ )E(τ ). (6)

The radiation field and the corresponding power spectrum of
THz are calculated as

ẼTHz(�) ∝
∫ +∞

−∞

∂Je(τ )

∂τ
exp (−i�τ )dτ

= ε0ω̃2
p(�) ∗ Ẽ(�), (7)

PTHz(�) ∝ |ẼTHz(�)|2, (8)

where the symbol “∗” in the second line of Eq. (7) means the
convolution operation in the frequency domain.

III. SIMULATIONS AND DISCUSSIONS

In this work, the linearly polarized two-color laser pulses
consisting of a leading pulse with the central wavelength λL =
800 nm and its second harmonic field (400 nm) are used,

Ein(τ ) = E0 f (τ )[cos(ωLτ ) + ζ cos(2ωLτ + φ)], (9)

where the surrounding f (τ ) = exp (−τ 2/τ 2
f ) with τ f = 40 fs

and the angular frequency ωL = 2πc/λL. The relative phase φ

is an adjustable parameter. The electric strength E0 relates to
the peak intensity I0 = ε0cE2

0 /2. In this paper, the peak laser
intensity of the fundamental frequency field is I0 = 2.0 × 1014

W/cm2, which corresponds to the tunneling ionization regime
for the argon atom and the parameter ζ = √

0.1 represents the
relative peak strength of the second-harmonic field. Consider-
ing the spreading of the laser pulse in the time domain during
the propagation and the generation of THz radiation, the time
domain that is considered in our computation ranges from
−80 to 250 fs. The number of grid points for τ is 214, which
corresponds to the time interval 
τ ≈ 0.02 fs. The laser pulse
propagates for a distance of 1.0 cm and the fixed step size

ξ = 0.5 μm.

The gas pressure of the dilute argon medium is set to be
p = 150 Torr and the room temperature T = 300 K. Using the
ideal gas-state equation, we obtain the initial density of the
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FIG. 1. The schematic diagram for the propagation of a laser
pulse in gaseous medium.

neutral atoms as ρ0 = pTstdρstd/(pstdT ) ≈ 4.8 × 1018 cm−3,
where Tstd = 273.15 K and pstd = 760 Torr are the standard
temperature and pressure, respectively. The density of parti-
cles in the standard condition is ρstd ≈ NA/(22.4 × 103 cm3)
with the Avogadro constant NA = 6.022 × 1023.

In Figs. 2(a) to 2(d), we present the profiles of the elec-
tric pulse normalized by the incident peak electric strength
Em at four different propagation distances, where Em =
MAX[Ein(τ )] = 4.46 × 1010 V/m, and the relative phase is
φ = π/2. For the sake of comparison, the incident laser pulse
is also plotted by the black, dashed line. The overlaps (namely,
before −20 fs) suggest that the laser pulse remains unchanged
during the propagation in the early stage and the subsequent
differences tell when and how the laser pulses change after-
wards. Because the trailing parts of the laser pulses are quite

FIG. 2. The profile of the normalized output electric field by the
incident peak electric strength Em at different distances. (a,a′) ξ =
0.025 cm; (b,b′) ξ = 0.1 cm; (c,c′) ξ = 0.5 cm; (d,d′) ξ = 1 cm.

FIG. 3. The spectrum intensity of laser field in logarithmic scale
during its propagation in the argon medium, where the abscissa is
the normalized frequencies by the central frequency (ωL) of the
fundamental field.

long, and its strengths are relatively low, to make it easier to
tell the differences, we zoom in the trailing parts of Figs. 2(a)
to 2(d) as Figs. 2(a′) to 2(d′), respectively. It can be clearly
found that, in the time domain of −20–20 fs, the electric
field experiences decaying and deforming as it propagates
in the gaseous medium. In addition, the laser field is also
obviously compressed in the temporal direction, which means
the blue-shift in the frequency domain and the trailing edge
of the pulse can also be observed to spread as a long tail and
oscillates periodically.

In the tunneling ionization regime, the Keldysh parame-
ter γK = ωL

√
2meIp/(eE ) < 1, which gives a critical electric

field Ec = ωL
√

2meIp/e = 3.12 × 1010 V/m for the argon
atom (Ip = 15.7 eV) and the fundamental frequency field. It
means that the electrons are freed rapidly when |Et/Em| >

Ec/Em ≈ 0.7. It also means that the argon atoms begin to
be ionized at about −20 fs and the electric field loses its
energy during the ionization processes and then continues to
exchange its energy with the ionized electrons. The second
term on the right-hand side of Eq. (5) characterizes the motion
of the ionized electrons in the laser field and it is a source term
in the form of ω2

p-weighted cumulative integral with respect to
τ , which causes the deformation and blue-shift of the laser
pulse. For a given propagation distance, the density of the
ionized electrons keeps almost unchanged for a sufficiently
large time, such as τ > 80 fs, where the Keldysh parameter
γK � 1. This means the plasma frequency ωp(τ ) is also in-
dependent of the time when τ > 80 fs. Therefore, the source
term is proportional to the simple integral of electric field E(τ )
at the trailing edge of the pulse. As the laser pulse propagates
in the gaseous medium, the continuous accumulation of this
source term results in the oscillations of the trailing edge with
lower frequencies, as shown in Figs. 2(a′) to 2(d′).

The evolution of the spectrum of the laser pulse propagat-
ing in a medium is given in Fig. 3, where the abscissa is the
frequencies normalized with respect to the central frequency
(ωL) of the fundamental field and the ordinate is the propa-
gation distance. At the early stage of the laser propagation,
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FIG. 4. The transient electric current of ionized electrons driven
by the laser field at several typical propagation distances.

harmonics are observed due to extremely nonlinear interac-
tions of the intense laser field and the gaseous atomic medium,
such as atomic ionization, accelerations of ionized electrons
whose density is time dependent. With the propagation of
the laser field in the medium, blue-shift is observed in the
fundamental field and all of its harmonics. In addition, the
higher the harmonic order, the larger the magnitude of the
blue shift. Notably, some components with lower frequencies
that correspond to the long trailing edge of the laser pulse
are also observed and they all shift to the blue band as the
laser propagates in the medium. Since the incident laser field
is initially bichromatic, the fundamental and second harmonic
fields (ζ = √

0.1) are the leading parts during the propagation.
Using Eq. (6), we calculate the transient electric current for

several different propagation distances, as shown by the lines
with different colors and styles in Fig. 4. As discussed above,
the ionized electrons are significantly generated after about
−20 fs, the transient electric currents for different distances
also start to appear at this moment. The red and dashed curve
represents the initial electric current, and it has an obvious
shift and has no oscillation because of the near-zero electric
strength. The transient current denoted by the green, solid line
is obtained for the propagation distance ξ = 0.025 cm and its
values at the tail are reduced and have a period of about 55 fs.
The periodicity of the transient current originates from that of
the electric field and has almost the same period, see Fig. 2
(a′). When the distance ξ = 0.1 cm, the period of the values
of the transient current at the back edge becomes smaller
(∼25 fs), see the black, dashed-dotted line in Fig. 4. The solid
lines with blue and magenta colors are the results calculated
for the distances of ξ = 0.5 cm and 1.0 cm, respectively, and
the periods are both about 12 fs. Also, it is worth noting that
the magnitude of the drift current which is obtained by Eq. (4)
does not decrease monotonically during the laser propagation
because the drift current depends on the temporal profile of
the laser pulse for the given propagation distance.

According to Eqs. (7) and (8), the radiation spectrum is
obtained by the convolution of the square of the plasma
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FIG. 5. The spectra intensity of terahertz radiation in logarithmic
scale at the same propagation distances as in Fig. 4.

oscillation frequency and the strength of the laser field. To
calculate the spectrum of the THz radiation, we choose the
frequency window � ∈ [1, 250] THz and obtain the spectrum
of the THz radiation, as shown in logarithmic scale in Fig. 5,
where the relative phase is φ = π/2. For the incident two-
color laser pulse, the spectrum of terahertz radiation is given
in red, dashed line. Evidently, there is a continuous spectrum
with the maximal amplitude in the range of 0–10 THz. As the
laser pulse propagates in the medium, due to the blue-shift
and the broadening of the laser spectrum, the terahertz band
also shifts to the blue edge. The case when ξ = 0.025 cm is
given by the green, solid line. We can see that the range of
the maximal magnitude in the terahertz spectrum blue-shifts
to around � = 20–30 THz, where the multipeak structure also
appears. The periodic oscillations of the transient current on
the tail at this propagation distance have contributions to the
spectrum of the terahertz radiation. The black, dashed-dotted
line represents the terahertz spectrum with multiple peaks at
ξ = 0.1 cm and the main peak blue-shifts to around � = 40
THz. The region of lower frequencies is greatly suppressed,
which corresponds to the low averaged current drift, see the
tail of the black, dashed-dotted line in Fig. 4. In Fig. 5,
The solid lines in blue and magenta colors are the terahertz
radiation spectra at ξ = 0.5 cm and ξ = 1.0 cm, respectively.
From Fig. 4, the average values of the current drift and the
oscillation periods for these two distances differ very little
on the tails between 120 and 250 fs, which means their low-
frequency region (<40 THz) almost coincide. The leading
peaks blue-shift to around � = 80 THz and � = 100 THz,
respectively.

To demonstrate the analysis above, we perform the same
calculations for different relative phases between the fun-
damental field and its second harmonic field. In Fig. 6(a),
we present the terahertz radiation spectrum produced by the
initial laser field for different relative phases and the green,
dashed line denotes the results from the phase φ = π/2. Ob-
viously the optimal terahertz radiation can be obtained when
the relative phase φ = 0.45 π . As the laser pulse propagates
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FIG. 6. The spectra of terahertz radiation for different relative phases at three typical propagation distances, where the color bars are in
logarithmic scale and the ordinates are the relative phase φ.

for a distance of ξ = 0.1 cm, the spectrum of terahertz ra-
diation is given in Fig. 6(b). We can obviously observe that
the spectra have significant blue-shifts for all relative phases
and the multipeak structures appear. The leading peaks of
the terahertz radiation are round 30–50 THz, and the optimal
relative phase is φ = 0.6 π for such a distance. According to
the classical electromagnetic theory, the spectral structures
of terahertz radiation originate from the ionization process
of electrons and their complicated motions in the deformed
laser electric field. When the propagation distance is 1.0 cm,
the spectra of terahertz radiation are further blue-shifted, the
positions of the central frequencies are about � = 100 THz,
and the difference in the radiation spectrum becomes smaller
for different relative phases.

The simulations for different relative phases demonstrate
that the interaction between strong laser field and atomic
medium leads to the blue-shift and multipeak structures of the
terahertz radiation spectrum during the laser propagation. The
ionized electrons redistribute the laser energy in the temporal
domain, which causes the deformation and compression of the
laser profile. Compared with the cases for different relative
phases, the leading peaks of the terahertz radiation spectra are
all blue-shifted to around 100 THz after the laser pulse prop-
agates for a distance of ξ = 1.0 cm and the optimal relative
phases for the terahertz radiation spectra at the lower frequen-
cies (0 ∼ 10 THz) are 0.5 π ∼ 0.6 π and around 0.8 π . All the
THz spectrum differences caused by different relative phases
are gradually smoothed out due to the spectral broadening of
the laser field.

IV. CONCLUSION

In summary, we propose a simplified model for the prop-
agation of the intense laser pulse, which is specifically used
to investigate the propagation effects of the two-color laser
pulse on the THz radiation in an argon medium. The terahertz
radiation mechanism used above is the transient photocurrent
mechanism and using the Jefimenkos’ theory we analyze the
terahertz radiation induced by the plasma current of the ion-
ized electron in the laser field.

In deriving the propagation equation of the laser pulse in
a gaseous argon medium, we adopt the comoving frame and
slowly varying envelope approximation. The reason why the

gas is said to be dilute in our model is that some effects of
the neutral atoms on the laser can be ignored compared to the
effects of the ionized electrons, such as nonlinear Kerr effects,
refraction effects since the refraction index n ∼ 1, and so on.
In addition, we also drop the lateral diffraction effects due to
the short propagation distance.

The simulations indicate that the intense incident laser
field causes significant tunneling ionization of gaseous atoms,
which leads to the time-varying densities of medium con-
stituents. The atoms first absorb sufficient energies from the
laser field to release their electrons and then the ionized
electrons are accelerated by the laser electric field. In the
propagation equation, the acceleration process is weighted by
the density of the ionized electrons and contributes to the
evolution of the laser pulse as a source term. Consequently,
the complicated behaviors of the ionized electrons leads to the
deformation of the laser pulse with the decay of the strength
and the spectral blue-shift. It is found that the terahertz ra-
diation undergoes a considerable blue shift and a multipeak
structure appears. Furthermore, the contributions to the tera-
hertz radiation mainly come from the net drift of the current
and the oscillation of the current tail, and discrepancies from
the different initial relative phases are smoothed out gradually.
Therefore, we come to the conclusion that the propagation
effects should be considered in the study of the THz radiation
caused by the interaction of an intense femtosecond laser
pulse with gaseous medium.

It is notable that, in this work, we only consider the dilute
gaseous medium in which the effects of the neutral atoms and
Kerr nonlinearity are neglected. The diffraction of the laser
beam is also not taken into consideration because of the short
propagation distance. When the density of the applied medium
is sufficiently high, or the propagation distance is quite long
enough, all the dropped terms in the propagation equation (1)
should be reevaluated.
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