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Abstract. With one- and two-dimensional particle-in-cell (PIC) codes, we simulate the
generation of high power terahertz (THz) emission from the interaction of ultrashort
intense lasers with tenuous plasma and gas targets. By driving high-amplitude elec-
tron plasma waves either with a laser wakefield or the beatwave of two laser pulses,
powerful THz electromagnetic pulses can be produced by linear mode conversion in
inhomogeneous plasma or by the transient current induced at the surfaces of a thin
plasma layer of few plasma wavelengths. Even with incident lasers at moderate in-
tensity such as 1017W/cm2, the produced emission can be at the level of tens of MW
in power and capable of affording field strengths of a few MV/cm, suitable for the
studies of THz nonlinear physics. With field ionization included in the PIC codes, THz
emission from laser interaction with tenuous gas targets is simulated. It is found that
the transient transverse current formed during the ionization processes is responsible
for the THz emission. With this mechanism, one may also obtain THz fields of MV/cm
at lower laser intensity as compared with the schemes of plasma-wave excitation.
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1 Introduction

The recent development of laser technologies has enabled one to obtain ultrashort high
power laser pulses with pulse duration ranging from few femtoseconds (or few cycles) to
picosecond, peak power ranging from terawatt to the petawatt level, and focused inten-
sity over 1020W/cm2 [1]. The future development shall allow one to access even extreme
laser conditions. Apparently such lasers provide countless possibilities of applications,
such as laser fusion [2], creation of high energy density states [3, 4], advanced electron
accelerators [5], energetic ion beams [6, 7], and novel radiation sources [8, 9]. For the last
ones, currently the terahertz radiation (1THz=1012Hz) from laser irradiated targets is at-
tracting increasing interest. THz science and Technology become a frontier of research
for intercrossing disciplines covering physics, chemistry, biology, materials science, and
medicine now [10–13]. The THz radiation usually means the gap in the electromagnetic
spectrum from 0.3 to 20 THz (1mm to 15µm in wavelength), which was not convention-
ally accessible either with optical methods or with electronical methods. However, the
situation changes with the use of ultrashort laser pulses because their spectrum width
(the inverse of the pulse duration) can be made in the THz regime. Currently based
upon the optical schemes it is found that THz emission can be generated by optical rec-
tification, optical conductive antenna, nonlinear difference frequency mixing, tunable
parametric oscillators, optical Cherenkov radiation, etc. However, due to the damage
limit of the optical materials, one cannot irradiate these optical materials with very high
power lasers. With these schemes, it is thus difficult to obtain high power THz emis-
sion at the megawatt (MW) level. The latter is important for many applications and may
allow one to study high-field and nonlinear physics in the THz regime in semiconduc-
tors, insulators, superconductors etc. [10] Currently MW narrow-band THz sources have
been obtained from free electron lasers. Broad-band THz sources from ultrashort electron
bunches either from linac and from laser wakefields are also suggested [14, 15].

On the other hand, plasma as a nonlinear optical media does not have a damage limit
by high power lasers. Thus by irradiating plasma with such laser pulses, in principle
one can obtain very high power THz pulses. Actually in 1990’s, Hamster et al. observed
experimentally THz emission by irradiating ultrashort laser pulses of 100 fs onto solid
and gas targets [16]. Later THz emission from Cherenkov wakes in magnetized plas-
mas driven by ultrashort laser pulses was proposed [17, 18]. Recently, we suggested a
new mechanism for THz emission based on the excitation of laser wakefields [19–23].
This emission is produced through linear mode conversion from a high-amplitude laser
wakefield driven in inhomogeneous plasmas. This scheme can provide tens of megawatt
(MW)-level emission with field amplitudes up to a few GV/m and still it allows for both
compactness and relatively high efficiency by use of terawatt ultrashort laser pulses. Fur-
thermore it is suggested that single-cycle THz emission can be produced with thin under-
dense plasma layers of few THz wavelengths in thickness irradiated by laser pulses [24].

In addition, ionizing gas targets are also potentially high power THz sources when ir-
radiated by laser pulses at moderate intensities such as 1015−16W/cm2 [25–31]. It is found
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experimentally that THz emission can be produced either with single or two laser pulses.
For example, laser filaments have been observed to emit electromagnetic radiation in the
sub-THz region. Both transverse and very directional forward and backward emissions
have been observed. There are several different explanations for these observed emis-
sions, such as the four-wave mixing [25, 28], the oscillation of electrons in the plasma
channel driven by the pondermotive force of the laser pulses [32], ionization-induced
current models [33,34], Cherenkov emission from the ionization front moving faster than
the speed of light in the medium [35], transition-Cherenkov emission from the plasma
space charge moving behind the ionization front [36], transmission lines of neighboring
laser filaments [37], etc. Up to now, however, these theoretical models are mostly quali-
tative. In order to explain the experimental results completely, quantitative comparison
with experimental results is still required, where suitable numerical simulation is indis-
pensable.

In this paper, we give a brief report on our recent simulation on THz emission from
laser interaction with tenuous plasma and gas targets. In Section 2, a brief description
of the numerical simulation codes used in our studies is given. In Section 3, two mech-
anisms of THz emission from laser interaction with tenuous plasmas are discussed. In
Section 4, THz emission from gas targets irradiated by laser pulses at moderate intensity
by field ionization processes is simulated and analyzed. A summary is given in Section
5.

2 Description of the particle-in-cell code with field ionization

and particle collisions included

When a target is irradiated by an ultrashort intense laser pulse, usually strong kinetic
effects, high nonlinearities, and several different physical processes are involved. The
thermal equilibrium cannot be established in short time by collisions between particles
and the fluid description usually fails to apply. In some case, one is particularly interested
in the kinetic features of minority particles, such as the plasma wave-breaking, electron
injection and trapping in the laser wakefields in underdense plasma [5], trapping and ac-
celeration of protons by electrostatic collisionless shock waves in overdense plasma [38],
transport of fast electrons in overdense plasma in the fast ignition scheme of fusion tar-
gets [39], etc. For such problems, kinetic simulation is necessary. The particle-in-cell (PIC)
simulation is known to be able to deal with these kinetic effects effectively and it becomes
a well-established tool for kinetic simulations in plasma physics and astrophysics [40–42]
as compared with other kinetic schemes such as the Fokker-Planck and Vlasov schemes.
We have been developing a parallelized PIC code KLAP (Kinetic LAser Plasmas) in one,
two, and three-dimensional space for studying high intensity laser-matter interactions
with field ionization and binary collisions between particles included [43].

In a PIC code, each particle is actually a macro-particle, which is a homogeneous col-
lection of a large number of real-particles, either to be electrons, ions, or neutral atoms.
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The large number of particles in plasma or unionized materials is replaced by a much
smaller number of these macro-particles with its charge to mass ratio remains the same
as that of the real particles. These particles have a finite size about a mesh in the dis-
cretized coordinate space. In the code, Maxwell’s equations and the equations of motion
for particles are solved self-consistently. Electric and magnetic fields, current and charge
densities are defined at spatial grid points, while particles can take arbitrary positions.
Electromagnetic fields at a position of a particle are interpolated from those at adjacent
grid points. On the other hand, the current density and charge density at each grid point
are computed from velocities and positions of charged particles. For the equations of mo-
tion, a time-centered Leap-Frog scheme is used according to Birdsall and Langdon [41],
which allows for an accuracy of O(∆t2). Charge and current assignments can be done
locally with exact charge conservation [44, 45], which allows one to solve the Maxwell’s
equation without solving Poisson’s equation at every time step. The Mawell’s equation
is usually solved with the finite difference time domain (FDTD) method with the absorp-
tion boundaries such as given in [46] or PML absorption boundaries [47]. Recently, a
new scheme ”Numerical Dispersion Free Maxwell Solver” is proposed by Sentoku [48],
which is also a local solver and it is numerical dispersion free scheme for propagating
wave along the grids. Also it is not necessary any more to introduce absorption bound-
aries with this scheme.

For the one-dimensional (1D) PIC code, in order to deal with the problem of oblique
incidence of laser pulses, it is necessary to adopt a boosting frame method following
Bourdier [49, 50]. One performs Lorentz transformation from the laboratory frame to a
moving frame, which moves in the plane of incidence parallel to the plasma surface such
that the laser pulse is normally incident to the target in the moving frame.

We have included the field ionization of atoms in the PIC code. It is assumed that the
tunneling ionization is dominant in the high laser fields. The well-known ADK model
for the ionization rate is adopted [51]. In each integration step ∆t, firstly one calculates
the ionization probability

Popt =1−exp{−Wi[E(t)]∆t},

where Wi is the ionization rate at the field strength E(t). Secondly, one generates a ran-
dom number q within [0,1]. If q ≤ Popt, field ionization occurs and an electron and an
ion are born with zero velocities initially. For high order ionization, it is treated in the
same way except the velocities of new born electrons which are the same as the ones of
the mother ions. To account for the field energy loss during the ionization processes, a
virtual ionization current is introduced:

Jion =E(t)∑
i

∆nei(ǫi+ǫki)/(∆t|E(t)|2),

where ∆nei is the electron density from the ions with charge i, ǫi is the ionization en-
ergy, and ǫki is the initial kinetic energy of new-born electrons, which is usually close to
their mother ions, much smaller than the quiver energy of electrons in the laser fields.
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This ionization current is added to the real currents in the integration of the Maxwell’s
equations.

If the target density is high, with the increase of plasma density during the field ion-
ization processes, the impact ionization becomes comparable to the field ionization, one
need to take into account the impact ionization by electrons. A procedure similar to that
given by Vahedi and Surendra [52] is adopted in our code. In addition, binary collision
between particles can also be included in the PIC code with the scheme proposed by Tak-
izuba and Abe [53], where elastic collisions are assumed. This scheme is extended further
to the case when the particles move with relativistic speeds [54].

3 THz emission from tenuous plasmas irradiated by short

intense laser pulses

It is well-known that a short intense laser propagating in underdense plasma can ef-
ficiently excite a high-amplitude electron plasma wave, which is also called the laser
wakefield, provided the laser pulse duration is comparable to the electron plasma os-

cillation period. The latter is given by Tp = 2π/ωp, where ωp =
√

n0e2/mε0 = 5.64×

104(n0/cm−3)1/2 Hz is the background plasma (with density n) frequency, −e is the elec-
tron charge, n0 is the electron density in unit of cm−3. The plasma can sustain a wake-

field with amplitude as large as comparable to n1/2
0 V/cm [5]. If the relativistic effect is

taken into account, the maximum amplitude can be even larger. Therefore, laser wake-
field can be excited at amplitudes exceeding 1 GV/cm at the plasma density 1018cm−3, at
which the plasma frequency ωp/2π =9THz . One of the important applications of such
a high-amplitude wakefield is electron acceleration. Recent experiments have demon-
strated electron acceleration up to 1GeV within an acceleration distance of few centime-
ters [55]. Another possible application with the electron plasma wave is the generation
of high-amplitude THz emission. Even though the electrostatic plasma wave usually
cannot emit, electromagnetic and electrostatic waves can be converted into each other in
plasma under certain conditions.

The electron plasma wave at a small amplitude in a uniform plasma is described by
δn = δnpexp[i(kpx−ωpt)], where δnp is the electron density perturbation, kp = ωp/c =
2π/λp, and λp is the plasma wavelength. This infinite one-dimensional (1D) plasma
wave can never emit electromagnetic waves at frequency ωp/2π (or wavelength λp),
since its displacement current (ε0∂E/∂t) exactly compensates for the plasma current
(−env). This means that the wakefield is a pure electrostatic wave. However, there
are several ways to make the total wakefield current nonzero. The first is to introduce
plasma inhomogeneities. An electromagnetic wave can convert into an electrostatic wave
through the so-called linear mode conversion, which leads to the resonance absorption
of light in inhomogeneous plasma [56]. Means et al. first studied the inverse problem
and found that there is a reversal symmetry in the electromagnetic-electrostatic mode
conversion [57], which was further confirmed later by Hinkel-Lipsker et al. [58]. Simi-
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larly, we find that linear mode conversion from the laser wakefield to electromagnetic
pulses can occur in certain conditions: the plasma wave is excited in inhomogeneous
plasma [19, 20]. The plasma wave in inhomogeneous underdense plasma can be excited
by different ways, e.g., by the wakefield of an ultrashort laser pulse or by the beam wave
of two co-propagating laser pulses. In the case with the wakefield excitation, usually the
plasma wave can be excited in a large region of the inhomogeneous plasma. Mode con-
version occurs in the whole region and resulting emission has a large spectrum width.
In the case with beat-wave excitation, the plasma wave is excited only in a small region
where the local electron plasma frequency equals to the beat-wave frequency.

Another way is to use finite plasma thickness [24]. In this case, at the vacuum-plasma
boundaries, there is net transient current produced when the electron plasma wave is
excited. With this scheme, one can uniquely generate single-cycle THz pulses.

3.1 THz emission from electron plasma waves excited in inhomogeneous
plasma

For simplicity, we assume the plasma density increases linearly such as shown in Fig.
1(a), which is underdense for incident laser. An ultrashort intense laser pulse is incident
from the left with certain angle θ. If θ = 0, there is no electromagnetic emission from
the laser wakefield by linear mode conversion since the wave vector of the wakefield
coincides with the electric field, while the wave vector of the electromagnetic field is
perpendicular to its electric field. In order to treat the oblique incidence, we take the
1D PIC code with the boosting frame scheme [49, 50]. The laser pulse has a sine-square
profile

aL = a0sin2[π(t−x/c)/T] for 0≤ (t−x/c)≤T.

Here a0 is related with the peak laser intensity through Iλ2
0 = a2

0 ·1.37×1018W/cm2µm2.
The pulse enters the left boundary of the simulation box with s-polarization in order to
distinguish it easily from the p-polarized emission from the wakefield. We take a0 = 0.5
and T = 20τ0 with τ0 the laser oscillation period. For the given laser pulse duration, the
laser wakefield is excited around the central frequency ωp/ω0∼τ0/T=0.05. For the linear
mode conversion from the wakefield to electromagnetic emission, there is an optimized
incident angle for high conversion efficiency at particular frequency ω [20]. For a linear
plasma density profile n0e =n0(x/L), the emission peak occurs at the angle satisfying

sinθ =0.68(ωp0L/c)−1/3ω̃−1,

where ω̃ = ω/ωp0 and ωp0 =4πn0e2/me. For the plasma parameters L =200λ0 and n0 =
0.005nc, the optimized incident angle at the particular frequency around ω/ω0 = 0.05 is
calculated to be 12.4◦ [20], where nc =mε0ω2

0/e2 =1.1×1021(µm/λ0)2 cm−3 is the critical
density, beyond which the laser cannot propagate, ω0 is the laser angular frequency. We
take the incident angle of 15◦ in the following simulation.
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Figure 1: (a) Initial plasma electron density profile (black solid line); The plasma wave excited by laser wakefield
distributes in a wide area while that excited by the beatwave of two pulses locates in a particular region where
the local plasma frequency is near the beat wave frequency; (b) Emission spectra from the electron plasma wave
driven as a wakefield of a short laser pulse and by the beat wave of two laser pulses. In the case of wakefield
excitation, the pulse duration and peak amplitude are T=20τ0 and a0=0.5. In the case of beat wave excitation,
two laser pulses have the same duration and peak amplitude T = 300τ0 and a0 = 0.1, respectively, but with a
frequency difference ∆ω = 0.05ω0. The laser pulses are incident with the angle of θ = 15◦; (c) Comparison of
the temporal profiles of the THz emission from the laser wakefield and the beat wave with the parameters as in
(b); (d) Temporal profiles of the THz emission from the beat wave of two pulses with different parameters.

Figs. 1(b) and 1(c) plot the spectrum and the temporal profile of the emitted pulse.
It appears that the emission is peaked near 0.06ω0 with a broad distribution. The rea-
son is that laser wakefied is excited in wide region when the incident pulse is very
short as shown in Fig. 2(a). In addition to the fundamental wave, the second harmonic
around 0.12ω0 is also observed. This is due to the nonlinear feature of the laser wakefield,
which contains harmonic components. The temporal profile of the emission appears as
a chirped pulse with its frequency increases with time. This is due to the fact that the
emission from the high density region (with relatively higher frequencies) generates at
later time and it propagates through a longer distance to the vacuum-plasma boundary.
The emission corresponds to a field strength of about 50MV/cm. Figs. 2(a) and 2(b) show
the spatial-temporal plots of the longitudinal electric field Ex and magnetic field Bz. The
latter is concerned with the emitted field. It is found that the wave vector of the electron
plasma wave evolves with time and space. In certain time-space region, the wave-vector
becomes zero. The linear mode conversion is found when the wave vector |k|2 =0.

Because of the wakefield amplitude is proportional to a2
0, the amplitude of the THz

emission is also proportional to a2
0. The energy conversion efficiency can be obtained by
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(a) (b)

(c) (d)

Figure 2: Spatial-temporal plots of the longitudinal electric field Ex and magnetic field Bz. Plots (a) and (b) are
obtained for wakefield excitation with the pulse duration and peak amplitude are T = 20τ0 and a0 = 0.5; Plots
(c) and (d) are obtained for beat wave excitation, where the two laser pulses have the same duration and peak
amplitude T =300τ0 and a0 =0.1, respectively, but with a frequency difference ∆ω =0.05ω0. The laser pulses
are incident with the angle of θ =15◦ for both cases.

integrating the converted energy in the inhomogeneous region divided by the laser pulse
energy. The conversion efficiency can be written approximately as [20]

εenergy∼C(τ0/T)5(nc/n0)(L/λ0)a2
0,

where C is a factor around 1 and is mainly dependent on incident angle θ and the pulse
profile.

Another way to generate high-amplitude electron plasma waves is so-called the beat
wave excitation [5], where two co-propagating laser pulses with a frequency difference
∆ω comparable to the electron plasma frequency are adopted. In Figs. 1(b) and 1(d),
the spectrum and the temporal profile of the emission are plotted under the condition
∆ω/ω0 = 0.05. The emission has a narrow spectrum as compared with that obtained
from the laser wakefield since the electron plasma wave is excited mainly in the localized
region with the local frequency ωp∼∆ω. This is most obvious from the spatial-temporal
plots of the longitudinal electric field Ex and magnetic field Bz as shown in Figs. 2(c) and
2(d).
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Figure 3: (a) Initial plasma electron density profile; (b) Emission spectra from the electron plasma wave driven
as a wakefield of a short laser pulse and by the beat wave of two laser pulses. In the case of wakefield excitation,
the pulse duration and peak amplitude are T=20τ0 and a0 =0.5. In the case of beat wave excitation, two laser
pulses have the same duration and peak amplitude T = 150τ0 and a0 = 0.1, respectively, but with a frequency
difference ∆ω =0.05 or 0.03ω0. The laser pulses are incident with the angle of θ =60◦; (c) Comparison of the
temporal profiles of the THz emission from the laser wakefield and the beat wave with the parameters as in (b);
(c) Temporal profiles of the THz emission from the beat wave of two pulses with different frequency difference.

Because of the wakefield amplitude is proportional to a10a20=a2
0, where a10 and a20 are

the amplitudes of the two co-propagating pulses, the amplitude of the THz emission is
also proportional to a2

0. The energy conversion efficiency can be obtained by integrating
the converted energy in the inhomogeneous region divided by the laser pulse energy.
The conversion efficiency can be written approximately as [20]

εenergy∼C(∆ω/ω0)
4(nc/n0)a2

0,

where C is a factor mainly dependent on incident angle θ.

3.2 THz emission from electron plasma waves excited in a thin plasma layer

A finite wakefield with L∼λp (called as a plasma oscillator) can radiate electromagnetic
waves for the following reasons. Firstly, for such a few-plasma-wavelength plasma oscil-
lator, its displacement current and real current cannot completely counteract each other,
in particular near the plasma-vacuum boundaries. Secondly, since the plasma skin depth
of the radiation at frequency ωp is simply k−1

p , which is comparable to the plasma length
L. Therefore the radiation can tunnel through the thin plasma layer into vacuum. In or-
der to demonstrate this scheme, we have conducted 1D PIC simulation with the plasma
density profile as given in Fig. 3(a). It is found theoretically that THz emission amplitude
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scales proportional to n1/2a2
0sinθ [24], which is different from the linear mode conver-

sion. Figs. 3(b) and 3(c) show the spectrum and the temporal profile of the emitted pulse
when the electron plasma wave is excited by laser wakefield. We take a0 =0.5, T =20τ0,
and the incident angle θ = 60◦. The emission appears as a single cycle pulse, which im-
plies a broad spectrum. If the electron plasma wave is excited by the beat wave of two
laser pulses, multi-cycle emission is observed as shown in Fig. 3(d). Furthermore, if the
beat-wave frequency ∆ω = 0.03, which is less than the electron plasma frequency, emis-
sion from the plasma oscillation is still observed. The corresponding spectrum is located
around this frequency.

Fig. 4 illustrates the spatial-temporal plots for the longitudinal electric field and the
transverse magnetic field. It appears that strong longitudinal fields are produced near the
plasma-vacuum boundaries. In the case when the electron plasma wave is produced by
laser wakefields, single cycle THz emission is produced as shown in Figs. 4(a) and 4(b).
Note that there are two pulses emitted with one along the laser propagation direction
and another in the specular reflection direction. If the electron plasma wave is excited
by the beat-wave of two laser pulses, multi-cycle THz emission is produced as shown in
Figs. 4(c) and 4(d). There are also two pulses emitted as in the previous case.

Fig. 5 illustrates snapshots of the longitudinal electric field and the transverse mag-
netic field found from 2D PIC simulation when a short laser pulse interacts with a thin
plasma layer. In order to deal with the oblique incidence of the laser pulse against the
plasma surface, the thin plasma layer is tilted by certain angle. Two THz pulses are
observed with one along the laser propagation direction and another in the specular re-
flection direction, as found in 1D PIC simulation.

3.3 Effect of external magnetic fields

It is found that a laser wakefield produced in a magnetized plasma [18] can emit through
Cerenkov-like radiation, when the applied external magnetic field is perpendicular to
the laser propagation direction. In magnetized homogeneous plasma, the wakefield is
not purely electrostatic, there exists an electromagnetic component proportional to the
strength of the external magnetic field since this magnetic field can produce a trans-
verse velocity or current by the v×B force along the direction perpendicular to the plane
formed by the external magnetic field and laser propagation axis.

When the laser wakefield is produced in magnetized inhomogeneous plasma, sim-
ilar to the unmagnetized case [20], THz emission is produced through the linear mode
conversion from the electrostatic wave into electromagnetic waves. In the magnetized
plasma, it is the inverse process of the upper-hybrid resonance absorption [59, 60]. In
the unmagnetized case, there is the THz emission only when laser is incident obliquely
to the density gradient of inhomogeneous plasmas. However, when the plasma is mag-
netized with the magnetic field perpendicular to the plane formed by the incident laser
axis and plasma density gradient, there is the emission for both normal and oblique in-
cidence of laser pulses. By changing the strength and direction of the applied magnetic
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(a) (b)

Laser THz

THz

Figure 5: 2D spatial plot of the longitudinal electric field Ex (a) and the pure THz magnetic field Bz (b) from
2D-PIC simulation. The plasma density has a similar profile as in Fig. 3(a) n = 0.0025nc, corresponding to
λp = 20λ0 and ωp/2π = 14.9 THz. The plasma length is L = 25λ0. The laser pulse is s-polarized, focused on
the plasma slab surface, and has parameters a0 =0.5, T=20τ0, wL =30λ0, and θ=60◦. The dashed lines in (b)
mark the plasma boundaries, the solid arrows show the THz emission directions, one along the laser propagation
and another along the specular reflection direction.
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0 to 0.02nc in a distance of 120 laser wavelengths. The laser pulse is incident normally and is s-polarized
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Bz0 =0.007meω0c/e (a) and −0.007meω0c/e (b). The Dashed lines mark the plasma boundaries and the solid
lines mark the emission directions.

field, one can enhance or suppress the THz emission. The required dc magnetic field is a
few tesla (T) [23], lasting for a time scale of tens of picoseconds, which is currently avail-
able in many laboratories. The maximum conversion efficiency of the THz emission in
the magnetized plasmas can be double that in the unmagnetized case.

The external magnetic field can even change the THz emission direction. To show this
we have conducted 2D PIC simulation. Fig. 6 shows snapshots of the transverse magnetic
and electric fields when a laser wakefield is produced in inhomogeneous plasma, where
the laser pulse propagates along the plasma density gradient. The laser pulse has a finite
beam diameter. In Section 3.1, it is pointed out that THz emission is found only when the
laser is obliquely incident. In the present case, because of the finite beam diameter, the
excited plasma wave has a transverse wave vector, equivalent to the oblique incidence
of the laser pulse [20, 21]. In this case, there are two emission peaks around 15◦ in its
backward direction, symmetric to the laser propagation axis. In 3D geometry, it appears
as a conical emission. The larger the laser spot diameter, the smaller the emission angle.
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On the other hand, if one applies an external magnetic field B0 = Bz0ẑ along the z-
direction, the emission structure is changed significantly. As shown in Fig. 7(a), the
emission becomes collimated along certain direction when a constant magnetic field
Bz0 =0.007meω0c/e about 70 Tesla is applied. Moreover, the peak amplitude of the emis-
sion is increased as compared to the case without the external magnetic field. If the
direction of the magnetic field is reversed, the emission direction is also changed corre-
spondingly, as shown in Fig. 7(b). The effect of the external magnetic field plays a similar
role as the incident angle [23]. Note that the required external magnetic field is reduced
when the plasma density or the THz frequency decreases. Though the THz field can be
increased by a factor of 2 or so as compared to that without the external magnetic field,
the scaling of the conversion efficiency with the laser amplitude and plasma density does
not change.

4 THz emission from gas targets irradiated by short laser pulses

4.1 Comparison of THz emission by a single laser and two color lasers

Recently, there are a few experimental studies on THz emission from ionizing air by sin-
gle pulses or two color lasers (one fundamental and another second-harmonic) [25–28].
It is supposed that the four-wave-mixing (FWM) or optical rectification process may be
responsible for the observed emission. However, [28] has noted that the third-order
susceptibility index (responsible for FWM) of air is too small to generate the observed
THz emission with the field strength greater than kV/cm. Kress et al. [26] found that
plasma formation is necessary for the THz emission. Meanwhile ionization-induced cur-
rent models [33, 34] have been proposed to comprehend these THz emissions. These
models predict that released electrons by tunneling ionization get transverse momen-
tum while the laser pulse passes. The moving electrons form the THz radiating current,
which, however, cannot explain obtained THz pulse frequencies. Here in the following,
we present some simulation on THz emission from ionizing gas targets with a single laser
or two-color lasers, which may be helpful to understand the experimental observation.

We have used our 2D PIC code to simulate the problem. If one takes gas atoms with
many charge states, different ionization states may coexist, which will lead to different
emission frequencies at different time during the ionization processes. For simplicity,
we only take the Hydrogen gas, which occupies a space of 200λ0 in the longitudinal
direction. Its initial density is ngas = 1.25×10−5nc if not specified in the figure caption.
The laser field takes the form

aL =[a1 sin(k0ξ)+a2 sin(2k0ξ+ψ)]sin2(πξ/cT0),

where k0 = ω0/c, a1 and a2 are the amplitudes for the fundamental and the second har-
monic components, respectively, ψ is the phase. The laser is normally incident onto the
target. In the following simulation, we take T = 20τ0. For the two-color case, we keep
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Figure 8: Temporal profiles of the THz emission from a Hydrogen gas target by two-color laser pulses at different
densities. The inset shows the corresponding spectra of the emission. The laser peak amplitude is a1 =0.06.

a2 = a1/2 and ψ = π/2. Fig. 8 shows the temporal profiles of the THz emission found
at the left boundaries of the simulation box when two-color lasers are adopted. The
emission has the same polarization with the incident lasers. We have taken different Hy-
drogen gas densities so that the final electron densities are at 10−5, 2.5×10−5, and 10−4nc.
The observed emission frequencies, as shown in the inset of Fig. 8, coincide with the
corresponding electron plasma frequencies.

We have found that the observed emission is associated with the ionization processes.
Once an electron is released from the atom, its motion is governed by the laser field. For
a free electron in a plane wave, we have the motion constant p⊥(t)−eA⊥(t)=const. [62],
where p⊥ is the transverse momentum of electron, A⊥ is the transverse vector potential of
laser pulse, and −e is the electron charge. At the electron birth time, one has p⊥(t=tb)=0.
After the laser pulse passes, the field vanishes with A⊥(t = ∞) = 0. From this motion
constant, one obtains the final momentum of the electron

p⊥(t=∞)=−eA⊥(t= tb),

which is determined by the vector potential felt by the electron at the birth time. The last
relation is valid when the laser duration is T ≪ ω−1

p and plasma collective response is
neglectable. Within the laser pulse, the instant current element is

−dne(t)ep⊥(t)/m=(e2/m)Wi(t)na(t)A⊥(t)dt,

where Wi is the tunneling ionization rate dependent on the instantaneous electric field E,
and na is the atom density. Integrating it during the pulse duration 0≤ t≤T, we obtain
the current density at this space point

J⊥(r)=
e2

m

∫ T

0
WinaA⊥dt.
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This current is built up in a very short time T ≪ ω−1
p . It radiates THz waves with the

central frequency of ωp/2π. The emitted THz amplitudes are the maximum both in
forward and backward directions along the light axis [61].

When taking different laser amplitudes, the temporal profiles of the emitted pulses
are shown in Figs. 9(a) and 9(b) for a single laser and two-color laser pulses, respectively.
For the case with a single laser pulse, the produced net current is noisy and the corre-
sponding emission also shows some noisy features. Even the phases of the emission are
different at different incident laser intensities. For the case with two-color laser pulses,
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the produced net current appears much larger and the produced emission has the same
phase. For a1 ≤ 0.15, it appears that the produced THz emission with two-color laser
pulses is much stronger than that with a single laser, as shown in Fig. 9(c). In particular,
for a1≤0.06, the THz emission amplitude increases with the laser amplitudes of two-color
laser pulses, which agrees with experimental results. With the further increase of a1, the
THz amplitude changes in a complicated way. This can be explained as follows. At low
incident laser intensity, ionization processes occur in many laser periods, and produced
net current grows with the peak laser amplitude. At relatively high laser intensity, ion-
ization may occur only in a few laser periods, and the gas may be fully ionized before
the laser peak arrives. Therefore, with the further increase of a1, the net current may not
increase.

Fig. 10 displays the number of new-born free electrons during the laser interaction
within the laser profiles at different laser peak amplitudes. It is obvious that the free
electrons are produced over several laser periods when a1=0.01. With the further increase
of a1, the required laser periods for full ionization is reduced, and the relative position of
ionization within the laser pulse envelope is shifted. Therefore, it is not always true that
the net current increases with a1.

4.2 Conical forward THz emission in ionizing gas targets

Recently the generation of THz emission by laser filaments in air is observed, which is
attributed to a combined transition-Cherenkov radiation generated by the space charge
created behind the ionization front and moving in the wake of the laser pulse at light
velocity [36]. Furthermore, with two laser pulses with certain distance between their
centers around the order of 100µm, an enhancement of the THz radiation by more than 1
order of magnitude is observed for time delays shorter than 1 ns between the two pulses.
The polarization plane of the THz was determined by the relative position of the two laser
filaments. It is explained with a simple model of a transmission line formed by a pair of
neighboring plasma filaments [37]. Here in the following, we show some preliminary
simulation of such problems.

Fig. 11 shows snapshots of the laser interaction with the Hydrogen gas for the S-
polarized laser with a0 = 0.02. From Fig. 11(e) it is found that conical THz emission is
produced at the ionization front. The field amplitude is comparable to the longitudinal
and transverse electric fields left behind the laser pulse. The result basically agrees with
the experimental observation. Fig. 12 shows the simulation with two laser pulses, trans-
versely separated, co-propagating in the gas target. However the result [particularly the
emitted pulse as plotted in Fig. 12(e)] is basically the same as for the single pulse case.
This means that our simulation at the moment cannot explain the experimental obser-
vation [37]. Note that Figs. 11 and 12 are obtained with s-polarized lasers. If the lasers
are with p-polarization, emission along the laser propagation axis shown in Fig. 8 is ob-
served.
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5 Summary

By PIC simulation, we have illustrated that high-amplitude electron plasma waves, either
driven by laser wakefields or the beatwave of two laser pulses, can emit a powerful THz
electromagnetic pulse by means of linear mode conversion in inhomogeneous plasma
or by the transient current induced at the surfaces of a thin plasma layer of few plasma
wavelengths. With a large size of inhomogeneous plasma, a chirped pulse is produced,
while with a thin plasma layer, two single-cycle pulses are produced. An external dc
magnetic field of a few tesla, applied in the direction perpendicular to the incident plane
of the laser pulse, can change the intensity and direction of the THz emission. The emis-
sion frequency, bandwidth, and pulse duration are fully controlled by the incident pulse
duration, incident angle, and the plasma density profile. Such plasma-wave emission can
be potentially a powerful THz source at tens of MW level and capable of affording field
strengths of a few MV/cm, suitable for the studies of THz nonlinear physics.

With field ionization included in the PIC code, we have investigated the THz emission
from laser interaction with gas targets. It is found that the transient transverse current
formed during the ionization processes is responsible for the THz emission. Our simula-
tion has shown that with two-color lasers, the current can be well-controlled, so that the
produced THz field amplitude increases monotonically with the incident laser amplitude
within certain regime, which agrees with experimental observation. For the normalized
laser amplitude larger than 0.06, the emission amplitude does not show monotonic in-
crease with the laser amplitude. Finally we have simulated THz emission from two co-
propagating lasers with certain transverse gap. There is not obvious increase of the THz
emission intensity as compared to the case with one laser.
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