PHYSICAL REVIEW E 83, 036407 (2011)

Terahertz radiation from a laser plasma filament
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By the use of two-dimensional particle-in-cell simulations, we clarify the terahertz (THz) radiation mechanism
from a plasma filament formed by an intense femtosecond laser pulse. The nonuniform plasma density of the
filament leads to a net radiating current for THz radiation. This current is mainly located within the pulse and
the first cycle of the wakefield. As the laser pulse propagates, a single-cycle and radially polarized THz pulse is

constructively built up forward. The single-cycle shape is mainly due to radiation damping effect.
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I. INTRODUCTION

Since 1993, the pioneering experiments by Hamster et al.
[1,2] observed strong terahertz (THz) wave generations when
intense laser pulses are focused in gas or on solid targets. For
the first time, these experiments demonstrated laser wakefield
generation in the underdense plasma [3]. For the solid target,
laser prepulse can generate a long underdense plasma on the
target surface. THz emission from such a nonuniform plasma
can be explained by linear mode conversion mechanism [4,5].
When the laser pulse is focused into the gas, due to the balance
among natural diffraction, plasma defocusing, and Kerr self-
focusing, a laser pulse carries out periodic defocusing and
self-focusing, and can propagate a very long distance. After
the laser pulse, a narrow and long plasma column, i.e., a laser
filament, is formed.

Due to scientific motivations in unexplored THz electro-
magnetic spectrum and broad application prospects [6,7],
developments on novel THz sources [8,9] have attracted great
interest. As a simple and remote-distance THz source, THz
radiation from the laser filament gains elaborate investigations
[10-17]. Tzortzakis et al. [11] observed the THz radiation
in the direction perpendicular to the filament. Theory and
simulation investigations by Sprangle et al. [17] present an
explanation for this radial-direction THz radiation. They found
that, in the longitudinally density-modulated (due to periodic
self-focusing and defocusing) filament, the plasma current or
laser ponderomotive force has the superluminal Fourier com-
ponents, which can emit a THz wave analogous to Cherenkov
radiation. Mostrecently, experiments in Refs. [12,13] observed
stronger radially polarized THz emissions along the laser
propagation direction. They consider a light-speed dipolelike
current in a limited-length plasma filament and calculate THz
radiation using the theory developed in Ref. [18]. The radiation
current is simply assumed to be a laser-driven longitudinal
plasma wave, which decays due to plasma collisions.

In the present work, by analysis and two-dimensional
(2D) particle-in-cell (PIC) simulation, we find that crossing
coupling between electron current and density gradient [19,20]
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is responsible for these forward THz radiations. At first, the
laser ponderomotive force pushes the electrons and induces
space charge fields. The electron current oscillates forward and
backward in the electrostatic wakefield. When the electrons
pass by the transverse boundary of the filament, the coupling
between electron motion and nonuniform density gradient
induces a net radiating current, which is a small part of the
total electron current. The radiating current is mainly located
within the laser pulse and the first cycle of the wakefield. It is
just like a dipole propagating with the laser pulse and builds up
amonocycle THz pulse in the forward direction. THz radiation
is radially polarized and should show a double-lobe pattern in
the far field. We also point out that radiation reaction damps
the THz pulse into single-cycle profile.

II. THZ GENERATION FROM A PLASMA FILAMENT

We consider a short filament in the tenuous gas as
Refs. [12,13], where the laser pulse is tightly focused and
the filament length is limited and on the order of laser
Rayleigh length. In Ref. [17], THz radiation from a long
filament is analyzed and simulated. For a steady-state laser
filament, there is no electromagnetic radiation and only a
surface electromagnetic wave [21] is generated. The steady
state means that both the laser pulse and plasma density are
independent of the propagation distance. This is not the case
for an actual filament, because the laser filament is a highly
nonlinear and dynamical process [22]. We also consider a
high laser intensity of above 10 W/cm?, and tunneling
ionization is dominant for plasma formation. During the short
rising time of the pulse, atoms are ionized, and then the
main pulse interacts with the plasma. In our case, the laser
filament is mainly determined by the initial focusing and
plasma defocusing. Kerr effect can be negligible and pulse
split does not occur.

From the 2D PIC simulation [23,24], a short filament
after the laser pulse is shown in Fig. 1(a). The laser pulse
(s-polarized) propagates from left to right and its geometric
focus is at x = 100Xy (Ao = 800 nm). The pulse has the
shape sin?(mt/T) with T =20ty and the Gaussian waist
size W = 2.5X¢. The peak intensity is about / = 5.35 x 10"
W/cm?. We choose He gas with density 0.0025n. within
x € [5X0,195)0]; n. is the critical plasma density for the laser.
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FIG. 1. (Color online) (a) Plasma density (unit n.) of the filament
after the laser pulse; (b) longitudinal electron current J, (unit en.c)
and (c) transverse current J,, at t = 1407,.

Around the laser focus, all He atoms are ionized and each
one loses one electron. So, the peak plasma density in the
filament is n,o = 0.0025n., which corresponds to a plasma
wavelength A, = 20A¢. The plasma density is maximum on
the center of the filament. The filament length with the density
above 0.5n,0 is about 1204y. The density linearly increases
from 0.16n, to n.o within x € [SAy,70A¢]. The slowly varying
plasma density ensures that the electromagnetic radiations
come from the filament body, instead of plasma surfaces. The
filament diameter at light focus is about 4.

The laser pulse pushes the electrons by the ponderomotive
force and induces both longitudinal current J, [Fig. 1(b)] and
transverse current J, [Fig. 1(c)]. The currents oscillates with

the plasma frequency w,o = Vernqo/eom = 0.05wq. These
currents may generate the p-polarized electromagnetic wave
radiation. The magnetic component B, is plotted in Fig. 2(a).
A single-cycle THz pulse is emitted from the plasma filament
and copropagates with the laser pulse. In the 3D space,
the THz radiation should be radially polarized in the far
field and null along the laser axis. In the far field, its
energy-flux pattern should be double lobe. This agrees with
the experiments [12,13]. The THz pulse shape traced at
[x,y] = [200Ap, — 60A¢] and the corresponding spectrum are
illustrated in Figs. 2(b) and 2(c). The THz frequency is broad
and around the plasma frequency w,o. The longer laser pulse
leads to the lower central frequency.

We input the plasma density in Fig. 1(a) into a conventional
PIC simulation without the ionization process, and find that
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FIG. 2. (Coloronline) (a) Radiating magnetic field B, at = 607y,
1207y, and 2401y; the temporal shape (b) and the spectrum (c) of B,
pulses traced at [x,y] = [200A¢, — 60A¢]. (b) and (c) also include the
results for the laser durations 7 = 107, and 401,.
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main characteristics remain the same. These are slightly
different from the THz spatial distribution in Fig. 2(a), due
to the preformed plasma column instead of instantaneous
plasma formation. In an approximate way, the problem can
be reduced to the interaction between the laser and one plasma
column. In passing, the laser pulse in our case is long and
the ionization-induced THz radiation (s-polarized as the laser)
[24,25] is negligible.

In the following, we will clarify the reason why there is the
THz radiation from the filament. For a general electromagnetic
system, the electromagnetic radiation equation (Coulomb
gauge) is

, 12
\% _;w Ar:_/'LOJrv (1)

where J, = J — Liz %V(pw is the radiating current [26], i.e., the
rotational part of the total current J, and ¢,, is the electrostatic
potential of the wakefield, which satisfies Vo, = e(Zn; —
n.)/e9. The total electric field is E = E, + E,; here the
radiating field E, = —%Ar and the wakefield E,, = —V¢,,.
The existent electromagnetic radiation implies the nonzero J,,
which demands V x J # 0.

For our case, the dimensionless amplitude of the laser pulse
a =eEp/mcwy = 0.05. We can use the linear plasma theory
[20,27], which is valid for a®> < 1. On the order of O(a), the
electron carries out the oscillation with the light frequency. On
the order of O(a?), the electron motion equation is

0 = Z°E, + Eu)+ —F )
—V=—W©u, w - s
at m m

where F, = —mc*V(a?/2) is the 3D ponderomotive force of

the laser pulse in the linear limit [3]. Combining Eq. (2) and
V x E, = —0B, /0t gets

Vxv=<B, 3)
m

which displays that the curl of the velocity of the electron
fluid is the magnetic component of the radiation field. For the
radiation field in vacuum and far away from the laser pulse,
Eq. (2) becomes %v = —<E,, where v is only an intermediary
quantity between E, and B,. Making the time derivative of
Eq. (2), and using V x B, = uoJ + nogodE/0t and Eq. (3),
one obtains

82+2VV + o’ 19p )

—V+c'VXVxv4+ow,v=——F,.

312 P mar?
Once the electron velocity v is solved from Eq. (4), the
radiation field can be obtained by Eq. (3). The curl of the

total current reads
VxJ=—-eVn,xv—en,V xv. 5)

In the infinitely uniform plasma (), = const. or Vn, = 0),
Eq. (4) implies V x v = 0 and then one has V x J = 0. So,
for the uniform plasma, there is no electromagnetic radiation
on the order of O(a?). There is nonzero V x v on the order
O(a*) for quasisteady magnetic field [20] and 2w, radiation
field [28] generations, which are important when the laser
intensity approaches the relativistic intensity (¢ ~ 1), and is
negligible for our case.
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In fact, the observed THz radiation in the near field region
in Fig. 2 is comparable with the wakefield, which is on the
order of O(a?). The filament is a narrow plasma column and
has a sharp transverse boundary and ionization front, because
the tunneling ionization rate is exponentially dependent on the
light field strength. Apparently, eVn, x visnonzero in Eq. (5)
and responsible for THz generation in the filament. Making
the curl of Eq. (1) and using Eqgs. (3) and (5), one has

, 19
\V4 _c_zm-’_c_z B, = noeVn, x v, (6)

which is the radiation wave equation for B,.. In the 2D case, the
source term Vn, X V= (v,dn,/dx — v,9n,/dy)z, the cross
coupling between the electron velocity and density gradient, is
responsible for THz magnetic field B, in Fig. 2. The quasistatic
magnetic field generation from a nonuniform plasma has been
discussed in Ref. [19]. An approximate solution vin Eq. (4) can
be obtained by first assuming V x v = (. Then the solution is
well known as

t
V= (mcup)’1 f dt’'sinw,(t — t")aF ,(t")/01', @)
(o]

by which the currents in Fig. 1 can be analytically reproduced
well. Substituting v into Eq. (6), an analytic solution can be
obtained as done in Ref. [28]. However, this approach is not
consistent, because it does not take into account the self-action
of the radiation field and cannot give the correct temporal shape
of the THz wave.

Numerically, we can extract the rotational part from the total
current J, i.e., radiating current J,. Figures 3(a) and 3(b) show
that the radiating current J, , is one fraction of the total current
Jy. J;.x 18 single cycle as the THz pulse. Figure 3(c) shows the
curl of J, which is mainly located in the transverse border of
the filament. The plasma density is relatively unform around
the filament axis, where V x J ~ 0. In 3D space, V x J is
similar to a magnetic dipole pointing to the laser direction.
We find that J, has dominant contributions to J, and V x J,
compared with J;. So, in general, we can say that the cross
coupling between v, and dn,/dy is the main mechanism for
THz radiation. Electrons longitudinally sweep the transverse
nonuniform plasma in the filament boundary and excite the
THz radiation.

One interesting thing is that the current is multicycle,
however, the radiating current is monocycle. This is due to the
self-action of the radiation field. It is shown that the solution of
Eq. (6) [28] is damping with time. The damping effect is due to

2

the term ‘j—g’B, which is the radiation reaction effect. The origin
is from the term —“E, in the electron motion Eq. (2). As soon

x/ 7\0
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as the radiation appears, v will have a rotational component
v,, which satisfies the rotational component of Eq. (2),

—v, = —E,. ()
m

The radiation field E, of a radiating current directly damps
itself by Eq. (8). Since there is only one-time impulse from
the single laser pulse, this radiation damping effect is very
strong and leads to a single-cycle radiation. If a multiple
pulse train with proper separation is used, THz radiation
can be multicycle. A consistent investigation on the radiation
damping effect needs the numerical solution of Eq. (4). The
radiation damping also has the same effects on the ionization-
induced THz radiation produced by an isolated few-cycle laser
pulse [24,25,29,30] or two-color laser waves [31-34].

III. DISCUSSIONS AND CONCLUSIONS

The THz radiation mechanism discussed here also provides
a simpler and more intuitive explanation for Ref. [23], where
a powerful single-cycle THz pulse is generated when a intense
laser pulse is obliquely incident on a plasma slab with sharp
boundaries. A 1D analytic scaling obtained in the boosted
frame predicts THz amplitude E7 o< ni(/)za2 sin @ [23], where 6
is the incident angle. Since there is the source term Vn, x vin
Eq. (6), v « ne_ol/za2 from Eq. (7), and Vn, = n.o6(x) around
a sharp boundary, one can easily gets Vn, X v & n;ézaz sin@,
where 6 is the separate angle between the density gradient Vn,
and electron velocity v (i.e., laser direction). For the normal
incidence (0 = 0) of Gaussian laser beams on the vacuum-
plasma boundary, THz radiation by the term Vn, x v had
been discussed in Ref. [35].

In conclusion, we clarify THz radiation mechanism from
a laser plasma filament. The laser pulse pushes the electrons
along the laser direction. The cross coupling between longitu-
dinal electron motion and transverse density gradient leads to
forward THz radiation. Radiation damping effect shapes THz
wave into a monocycle profile.
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