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Terahertz generation from laser-driven ultrafast current propagation along a wire target
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Generation of intense coherent THz radiation by obliquely incidenting an intense laser pulse on a wire target
is studied using particle-in-cell simulation. The laser-accelerated fast electrons are confined and guided along
the surface of the wire, which then acts like a current-carrying line antenna and under appropriate conditions
can emit electromagnetic radiation in the THz regime. For a driving laser intensity ∼3 × 1018 W/cm2 and pulse
duration ∼10 fs, a transient current above 10 KA is produced on the wire surface. The emission-cone angle of
the resulting ∼0.15 mJ (∼58 GV/m peak electric field) THz radiation is ∼30◦. The conversion efficiency of
laser-to-THz energy is ∼0.75%. A simple analytical model that well reproduces the simulated result is presented.
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Interaction of high-power laser pulses with solid targets is
usually accompanied by the generation of a significant number
of energetic electrons. The latter can produce secondary effects
such as bright x- and γ -ray emission [1], ion acceleration [2,3],
etc. [4–6], which have many practical applications. Recently,
there has been much interest on the generation of intense
THz radiation from laser-plasma interaction [7–11]. Unlike
the crystal-based THz sources, the latter is not severely
limited by material damage. One can thus expect that tabletop
sources of THz radiation approaching the millijoule level can
be realized. In fact, efficient THz radiation generation has
been demonstrated in experiments where thin metal foils are
irradiated by ultrashort intense laser pulses [12–14]. Two major
mechanisms have been proposed to explain the experimental
results. One is coherent transition radiation [12], which can
take place when the laser-accelerated electrons reaching the
rear surface of the target pass through the interface between
the target and vacuum. The other is target normal sheath
radiation [13,14], which can occur when the electrons are
decelerated by the intense electrostatic sheath field on the rear
target surface. In both cases the radiation is closely associated
with the transient dynamics of the laser-accelerated electrons
arriving at the target rear side, and its power is limited by the
large angular divergence and therefore rapid decrease of the
fast-electron density.

A number of novel phenomena have been observed in
relativistic laser interaction with wire targets [15–19]. Col-
limation and guidance of energetic electrons with energies
at the few hundred KeV to MeV level have been demon-
strated [15,18,19]. Field propagation at light speed along a
wire has been observed and the induced transient current can
be up to ∼104 A [17]. It has been suggested that balance of the
radial electric and azimuthal magnetic field forces at the wire
surface results in a fine collimation of the electrons [15,20,21].
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In this paper, we propose a simple method for producing
intense THz waves by laser-wire interaction. As illustrated in
Fig. 1(a), we consider an intense laser pulse obliquely shining
on the center of a wire target. As the laser-accelerated fast
electrons are self-collimated and guided along the wire, a huge
transient current is formed on the wire surface. Considering
that the temporal profile of this current follows roughly
that of the laser pulse (typically a few fs or more for TW
lasers), one can see that the pulse envelope corresponds to a
carrier frequency of ∼1013 Hz. The interaction is therefore be
considered as a natural coherent source of THz radiation, with
the current-carrying wire acting as a line antenna.

To demonstrate the operation of the proposed THz ra-
diation source, a series of two-dimensional (2D) simula-
tions were carried out using the particle-in-cell (PIC) code
PDLPICC2D [22,23]. In the simulations, a p-polarized laser
pulse incidents on the center of the wire target at a 30◦ angle.
The laser intensity is 3.08 × 1018 W/cm2, corresponding to the
laser parameter a0 = eE/meω0c = 1.5, where me is electron
mass, c is the speed of light, and ω0 is laser frequency. The
laser pulse is Gaussian in the y direction with (full width at
half maximum) spot size w0 = 6λ0, where λ0 = 1.0 μm is
the laser wavelength. Its time profile is exp(−t2/2τ 2

0 ) with
τ0 = 3T0, where T0 is laser period. The length of the wire is
L = 30λ0 and its thickness is D = 2.0λ0. The simulation box
is 100λ0 × 100λ0 with a spatial resolution up to 100 cells per
wavelength. Each cell contains 100 ions and 100 electrons. The
target is assumed to be fully ionized and the electron density
is n0 = 1.12 × 1021cm−3, or 10nc, where nc is the critical
density. For the simulation time of interest, the ions can be
assumed to be fixed. In order to resolve the Debye length
of the plasma, the initial electron temperature is taken to be
1 keV.

The distinctive pattern of the radiation produced from the
laser-wire interaction is shown in Fig. 2. Two spherical wave
fronts, one centered at the center of the wire and the other
centered at the right end of the wire, can be clearly observed.
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FIG. 1. The proposed scheme for THz-radiation generation. The
laser-wire interaction at the center of the wire results in an intense
transient current pulse that propagates along the wire to its right end.
The wire is along the z axis and θ is the observation angle.

The first spherical wave is produced when the laser pulse
acts on the center of the wire and accelerates the electrons
there. The second spherical wave is generated when the hot
electrons propagating stably along the wire reach the right end
of the wire. The two spherical light waves then propagate away
from their sources with the corresponding Poynting vectors
predominantly normal to the spherical wave fronts. However,
the intensity of radiation depends on the emission angle and
is thus not distributed uniformly over the wave front. These
characteristics are quite similar to that of the radiation from a
line antenna driven by a current pulse [25].

For large-angle incidence of laser pulse on a wire target,
the electron acceleration mechanism is similar to that given
in Refs. [20,21]. As can be seen in Figs. 3(a), 3(b), except
for the few electrons that escape from the target, most of the
laser-accelerated electrons are propagating along the wire with
good collimation. Figures 3(c)–3(f) indicate that the latter can

FIG. 2. Snapshots of the radiation field components Bx , Ey , and
Ez at three different times. Here and in the following figures, E and
B are normalized by meω0c/e.

FIG. 3. The electron kinetic energy density (a) and (b), the self-
generated surface magnetic field Bx (c) and (d), and the electric
field Ey (c) and (d), at t = 55T0 (left column), 65T0 (right column),
respectively.

be attributed to the surface fields on the wire: the intense
radial electric field Ey , induced by the charge-separation field
of the escaped high-density MeV electrons, tends to pull the
electrons back to the surface. However, the current induces
an intense azimuthal magnetic field Bx of the order of a
few hundred MG, which tends to push the electrons away
from the surface. A balance of the electric eEy and magnetic
(e/c)ve × B forces results in collimation and confinement of
the fast electrons, which propagates at nearly the light speed.
Additional simulations show that when the incidence angle of
the laser is reduced, collimation of the fast electrons rapidly
weakens and the radiation power rapidly decreases.

The total number of laser-accelerated hot electrons
can be estimated from the energy balance relation
Ntotal = f E(kBTh)−1, where f is the fraction of laser
energy absorbed by hot electrons, E is the pulse energy,
and kBTh is the hot electron temperature as predicted by the
ponderomotive scaling [24]. For f ∼ 10%, E ∼ 20 mJ, and
kBTh ∼ 0.2 MeV, as obtained from the simulation, the total
number of hot electrons at the laser focus is about 6 × 1010. The
current formed on the wire surface can be roughly estimated
from the surface magnetic field strength as I ≈ πBxD/μ0,
or ∼1.1 × 104 A, for Bx ≈ 0.2meω0c/e ∼ 2200 Tesla at
t = 65T0, as given in Fig. 3. The number of electrons in the
transient current can be calculated by integrating the current
over the pulse duration. It is about ∼1.72 × 109, which is far
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less than the total number of laser-accelerated electrons. This
shows that only the fastest electrons, typically the suprathermal
ones in the Maxwellian distribution, contribute to the transient
current. The slower electrons are driven back to the wire by
the space-charge force and neutralized by the wire plasma.

In the following, the Smith antenna model [25] is used
to analyze the simulation results. We assume that a transient
current is formed at z = 0 and propagating along the wire to
the right end of the target. We neglect the temporal variance
of the current profile during the short propagation process and
assume that the speed of the current is c. Thus, the transient
currents induced on the wire surface is then I (z,t) = Is(t −
z/c), where Is(t) = I0e

−t2/2τ 2
0 is the initial temporal profile,

where I0 is peak current intensity. As r/L → ∞, where r is
the distance to the observer, the radiation electric field of the
moving current source is given by the Smith’s model as [25]

�E(�r,t) = μ0c sin θ

4πr(1 − cos θ )
{Is(t − r/c) − Is(t − r/c − τd )}θ̂ ,

(1)

where θ is observation angle with respect to the wire direction,
and τd = L

2c
(1 − cos θ ) is the retarded time between the source

and terminal. Equation (1) then leads to the spectral intensity
of the radiation

d2W

d�dω
= μ0cI

2
0 τ 2

0 sin2 θ

4π (1 − cos θ )2
sin2 ωτd

2
e−τ 2

0 ω2
. (2)

After integrating (2) over the frequency, we obtain the radiation
energy into the solid angle as

dW

d�
= μ0cI

2
0 τ0 sin2 θ

16
√

π (1 − cos θ )2
(1 − e−τ 2

d /4τ 2
0 ). (3)

Integrating Eq. (3) over the solid angle �, one can obtain the
total energy radiated from the wire:

W = μ0cI
2
0 τ0

4
√

π

[
γ − 2 + ln α2 +

√
π

α
Erf(α) + E1(α2)

]
, (4)

where α = L
2cτ0

, γ = 0.57721 is Euler’s constant, Erf is the
error function, and E1 is the exponential integral.

Figure 4(a) shows the radiation electric field Eθ obtained
from Eq. (1). The parameters are the same as Fig. 2. We see
that the spherical wave fronts are centered at the center and
right end of the wire. This is to be expected since the first
term in Eq. (1) involves only r and the time delay t − r/c,
so that it corresponds to the spherical wave centered at the
source at z = 0. The second term in Eq. (1) involves the radial
distance r from the wire end and the time delay t − r/c − τd , so
that it corresponds to the spherical wave centered at z = L/2.
An analogy can be drawn between the radiation from this
pulse-excited line antenna and that from a negative moving
point charge. When the electron pulse leaves the source,
spherical radiation with negative electric field is produced.
This is analogous to a point charge undergoing acceleration in
the direction of its velocity. As the electron pulse moves along
the wire, no radiation is produced, which is analogous to a
point charge moving at constant velocity. When the electron
pulse reaches the end of the wire, spherical radiation with
positive electric field is generated. This is analogous to a point
charge undergoing deceleration in the direction of its velocity.

FIG. 4. Results from the simple analytical model: (a) Eθ at t =
50T0, (b) radiation spectrum vs the observation angle θ , and (c)
angular distribution of the radiation energy for different wire lengths.
(d) Temporal profile of the radiation and its spectrum (inset) from
the simulation. In (c), the radiation energy from the simulation is
indicated by the solid squares, which are fitted to the curves for
L = 30 μm for comparison. Note: because of the huge difference in
the radiated energies, the curves for L = 6 μm and L = 800 μm have
been magnified by factors of 3 and 1/80, respectively.

Thus, similar to that of bremsstrahlung, the radiation vanishes
for θ = 0◦.

Figure 4(b) shows the power spectrum of the radiation as
obtained from Eq. (2). The optimal angle of the radiation is
around θ = 57◦, where the spectrum is peaked around ω ∼
0.8/τ0 = 12.6 THz, which is roughly the carrier frequency of
the driving laser pulse. At larger angles of observation, the
peak of the spectrum shifts to lower frequencies and its width
decreases.

Figure 4(c) shows the angular distribution of the radiation
energy as obtained from Eq. (3) for different wire lengths.
One sees that the radiation from a short wire is rather weak,
and it peaks closer to the normal (to the wire) direction. With
increasing wire length, the angular distribution of the THz
energy is tipped forward towards the direction of the wire,
together with sharper and more intense peaks. This behavior is
similar to that of radiation from a traveling-wave antenna with
time-harmonic excitation, where the angle of the radiation
shifts to the forward direction and its main lobe narrows as
the electrical length of the antenna is increased [26]. For
comparison, the time integral of the radiation flux vs. the
observation angle, as obtained from the simulation, is also
shown in Fig. 4(c). We see that, except for the profile of the
maximum-intensity region (probably due to nonlinear effects),
there is good fit with the curve for L = 30 μm.

The temporal profile of the radiation flux F+ = (Ey −
cBx)/2 at θ = 30◦ from our simulation is shown in Fig. 4(d).
The peak amplitude is over 0.018meω0c/e, corresponding to
an electric field strength of over 58 GV/m. Integrated over the
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FIG. 5. Parametric dependence of the radiation intensity for θ =
30◦ and the central frequency (inset) as a function of the laser intensity.
The solid curve is from the model, and the solid triangles and hollow
squares are PIC simulation results.

emission cone angle � ∼ 30◦ and duration ∼20T0 (i.e., 66 fs),
the total radiation energy is about ∼0.15 mJ, corresponding to
a laser-to-THz radiation conversion efficiency of over 0.75%.
Using this radiation energy in Eq. (4), the driven current is
∼10 KA, which is fairly consistent with our estimate. The
central frequency of the emission is ω = 0.04ω0 (see the inset),
which is somewhat less than that of the model prediction
ω = 0.05ω0. This can be attributed to nonlinear modification
of the electron-bunch profile during its propagation along the
wire target, which can result in deformation of the second half
cycle of the wave.

From Eq. (3) we see that the radiation power is proportional
to the square of the current intensity, which is determined by
the laser intensity and the laser-to-fast-electrons conversion
efficiency. Under the parameters of our simulation, the
ponderomotive force is dominant for the hot electron
generation, and the current is proportional to the total number
of electrons accelerated by the laser. Thus, the radiation
power satisfies P ∝ a2

0 , which fits well with our simulation
results, as shown in Fig. 5. Moreover, as we can see, the center
frequency of the radiation is almost independent with the
laser intensities (shown in the inset). This is consistent with
our assumption that only the fast hot electrons contribute to the
radiation.

In practice, it is often necessary to apply the intense THz
radiation relatively far away from the source. According to
Eq. (3) of the metal-wire antenna model, in the limit L → ∞
the radiation angle becomes θ → 0. That is, the radiation
appears as a surface wave propagating along the wire surface.
The wave intensity will, however, be limited by resistive
heating of the transient current and ionization of the wire
surface by the propagating surface wave. On the other hand,
theoretical and experimental results have shown that metal
wires can serve as excellent low-loss and low-dispersion
waveguides for Sommerfeld waves in the gigahertz-to-THz
frequency range [27,28].

It should also be emphasized that the present scheme for
THz radiation depends strongly on the requirement that the
driving laser pulse be of sufficiently high contrast and shot
duration. A laser with too-long duration or too-intense prepulse
can lead to strong heating and expansion, and thus destruction,
of the wire plasma. However, current short-pulse lasers and
techniques [29], such as using a plasma mirror to achieve
ultrahigh pulse-to-prepulse contrast ratio are now available
for carrying out the proposed scheme in experiments.

In summary, we have proposed a simple tabletop scheme
for producing the intense coherent THz radiation by obliquely
incidenting an intense laser pulse on a wire target. The fast
electrons generated by the laser-plasma interaction on the wire
surface are self-confined and propagate along the wire as a
short pulse. The scenario is somewhat similar to a line antenna.
It is found that intense THz radiation having electric field
>58 GV/m and laser-to-THz radiation conversion efficiency
up to 0.75% can be achieved. A simple analytical model
is also given, the obtained angular distribution and energy
spectrum of the radiation are in fairly good agreement with that
from the 2D PIC simulations. Our scheme therefore offers a
relatively simple route for producing ultrastrong THz radiation
for practical applications. Moreover, the efficient self-confined
long-distance transport of a dense energetic electron bunch
along the surface of a wire, a crucial ingredient of the present
scheme, can also be potentially useful for other schemes and
applications in high-energy density physics research.
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