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Abstract. A transition–Cherenkov electromagnetic emission by a femtosecond
laser pulse propagating in a self-induced plasma channel in air has been very
recently proposed as mechanism for production of terahertz (THz) radiation
in the forward direction. In this paper, we study in detail the theory of the
transition–Cherenkov process. The theoretical model is developed and compared
with recent experimental results for several gases.
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1. Introduction

The region of the electromagnetic spectrum with frequencies between 1011 and 1013 Hz,
commonly called the terahertz (THz) region, has remained unexplored for a very long time due
to the lack of efficient generation and detection techniques. Heterodyne techniques, commonly
used to detect microwave radiation (109–1010 Hz), could not be used to detect THz radiation,
because of the lack of THz local oscillators. Worse, ‘THz photons’ are not energetic enough to
induce photoelectric effects in materials, making photoelectric effect based detection techniques
unpractical.

This situation has changed in the last few decades and the THz domain has witnessed
significant attention and improvements. New techniques have been developed for both
generation and detection of THz radiation. Among other methods, the optical rectification
process in non centro-symmetric crystals has been shown to produce THz radiation. In
this method, the fundamental frequencyω of an infrared femtosecond laser pulse (duration
τL ≈ 100 fs) is down-converted to the THz frequencyω′ via the second-order susceptibility:
Pi (ω

′) = χ
(2)

i jk (ω′, ω′ +ω, −ω)E j (ω
′ +ω)E

∗

k(ω). This conversion gives a coherent THz pulse,
since the Fourier transform of the rectified pulse envelope yields a carrier frequency of about
10 THz [1]. For this process, ZnTe and GaAs crystals are mostly used, thanks to their favorable
transmission and phase matching behaviors.

Optical rectification can generate THz radiation in centro-symmetric media, such as gases,
as well. In this case, the fundamental frequency is mixed with the second harmonic, in a
third-order process:P(3)0

i (t) ∝ χ
(3)

i jkl E
2ω
j (t)Eω

k (t)Eω
l (t). Likewise, in an inverse process, the THz

radiation can be mixed with the fundamental and give rise to second-harmonic generation,
yielding a method for detection:P(3)2ω

i (t) ∝ χ
(3)

i jkl E
ω
j (t)Eω

k (t)E0
l (t) [2, 3]. This detection and

generation scheme is particularly attractive since it could use ubiquitous air for both generation
and detection, with a very good efficiency. A THz signal with estimated field strength greater
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than 400 kV cm−1 has been recently reported [4]. Note that in this case, the high conversion
process in the gas needs the presence of a plasma.

The THz generation via optical rectification in gases has some limitations. Firstly, it
requires precise alignments; making its use a difficult task. Secondly, due to water vapor, the
THz radiation is significantly attenuated during propagation in air. This poses a challenge for
long distance propagation and remote detection.

Generation of radial THz radiation by filamentation of femtosecond laser pulses in air
has also been predicted [5]–[7] and experimentally demonstrated [8] in recent years. The
mechanism that gives rise to the radial THz radiation by a filament has been a controversial
subject. Chenget al [5] proposed that the radial THz emission is due to the plasma oscillations
induced by the pulse radiation pressure and the emission is coherent. According to Sprangle
et al [6], however, the emission is due to some components of the pulse ionization front, which
have superluminal velocities and give rise to Cherenkov radiation. One also expects the THz
emission to be coherent in this case. Another model, as described in [7], is based on the
scattering of electrons by ions in the plasma, and predicts an incoherent bremsstrahlung-like
THz radiation. In addition to the predicted temporal coherence, D’Amicoet al [9] demonstrated
that the radially emitted THz radiation from the filament has very good spatial coherence
properties.

Despite the controversies on the explanation of its mechanism, generation of THz radiation
by filamentation received immediate attention since it requires almost no alignment; and more
importantly since it potentially resolves the challenge of transmitting THz over long distances.
The filaments can be generated over controllable distances, up to several hundreds of metres
in air, by adjusting the input pulse parameters [10, 11]. Transmitting the filament consequently
transmits the accompanying THz radiation, as well.

In a recent work [12], a novel THz emission process from femtosecond filaments in
air has been reported. As opposed to the earlier works, which showed radially emitted
THz from filaments, this process gives rise to a relatively collimated emission in the laser
propagation direction. The physical mechanism behind this process is attributed to combined
transition–Cherenkov radiation.

In this work, we present a comprehensive theoretical analysis and experimental study and
of the forward THz emission from filaments. We begin by a brief summary on filamentation,
long distance laser propagation and forward THz generation. We then present a detailed
discussion of the theoretical model explaining the THz emission as transition–Cherenkov
radiation. Next, we present experimental results on THz generation from filaments in air and
noble gases (argon, krypton and xenon) and compare the corresponding conversion rates. Due
to the involvement of the electron collision cross-section in the process, the highest conversion
efficiency is found in xenon, in agreement with the theoretical model. We also used the relative
conversion efficiencies to estimate the kinetic energy of electrons in the multiphoton ionization
process during filamentation.

2. Femtosecond laser filamentation

Filamentation denotes a peculiar phenomenon related to the propagation of a beam of light
through a medium without apparent diffraction. Counteracting the natural spreading of the beam
is possible with intense laser pulses owing to the optical Kerr effect, which causes a change of
the refraction index in the medium proportional to the beam intensity. The core of the beam,
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more intense than the wings, induces a spatial phase profile equivalent to that of a focusing lens,
resulting in self-focusing of the beam. In contrast with a lens, however, the effect is cumulative
but self-focusing overcomes diffraction and eventually leads to a catastrophic collapse only if
the beam power exceeds a critical threshold.

With the advent of chirped pulse amplification [13], ultrashort laser pulses became easily
available with peak powers exceeding this threshold. Filamentary propagation of laser pulses in
air was observed in 1995 [14] and led to numerous works since this observation. For a review
about filamentation process see [15].

One of the distinguishing features of filaments is their ability to generate tenuous plasmas
in the wake of the propagating pulse, which in turn modifies the narrowband laser pulse into
a broadband pulse [16, 17]. This opens up the possibility of a wholly new set of applications
ranging from the pulse compression and generation of extreme ultraviolet radiation [18]–[21] to
the remote generation of THz radiation [12]. In addition, filaments have numerous interesting
properties. For instance, the plasma strings can be concatenated to enlarge their total length [22];
filaments can be amplified in suitable media [23, 24]; the combination of plasma string
generation with the organization of multiple filaments into rings or arrays [25] was predicted to
serve as a photonic crystal to guide radar signals [26].

Although the initial interpretation of a balance between the Kerr self-focusing and both the
self-attenuating natural diffraction and plasma-induced defocusing is still a debated topic (see
for instance, the recent interpretation based on the excitation of dispersion- and diffraction-free
modes [27]–[34]), the conditions to control the filamentation process and the generation of a
plasma string with given features from terawatt laser pulses are well identified at least in the
laboratory, making the option of using filaments as sources of THz radiation very attractive.

3. Theoretical model for forward THz emission

It has been predicted in [5] that the plasma channel formed by the laser pulse propagating in
air should emit THz radiation perpendicularly to the filament axis. The underlying physical
process was interpreted as originating from the radiation pressure of the laser pulse that induces
longitudinal plasma oscillations, with frequency equal to the plasma frequency. For an electron
density typically obtained in filaments,ne = 1016 cm−3, the plasma frequency lies in the THz
region,ωpe =

√
nee2/meε0 ≈ 6× 1012 rad s−1. Sprangleet al [6] have highlighted the main role

of the ponderomotive force in the THz emission by plasma strings. In their model, the radial
THz electric field is estimated to be about 5 kV cm−1, in the near field.

Here, we review the predictions of our theoretical model which provides the basis for
interpreting the measurements of the radial as well as the forward components in the angular
diagram of THz emission. Our model predicts a conical THz emission by a Cherenkov-like
process of the electric current moving in the plasma channel behind the ionizing laser pulse.
Similarly to the Cherenkov emission of an electric charge moving faster than the light group
velocity, the emission is localized on the surface of a cone oriented in the propagation direction,
it has a radial polarization, and the source size is much smaller than the emission wavelength.
However, there are two main differences in the process: firstly, there is no net charge in the
plasma channel. The ponderomotive force of the laser pulse produces the charge separation, but
the wake is neutral as a whole, i.e. the moving source in our case is a dipole-like structure. The
interference between the emissions of the positive and negative charges decreases the emission
efficiency, but does not suppress it completely. Secondly, the THz source in our case is generated
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even if the velocity of the ionization front is exactly the light velocity. Therefore, the radiation
would not exist in an infinite plasma string; it is actually generated due to the finite length of the
filament, which also defines the emission angle. In that sense it resembles transition radiation
but it is more efficient, as we will see later in this section. Note finally that the refraction index
of the weakly ionized air is slightly smaller than 1, making the source slightly superluminal.
Therefore, the THz radiation is also partly generated by a Cherenkov-like mechanism, although
superluminality is not strictly necessary, as in the Sprangle model [7].

Our theoretical development contains two parts. Firstly, we recall the theory of the plasma
wave generation in the plasma channel and present estimates of it for the parameters of our
experiment. Secondly, we present a model of the electromagnetic emission of the moving
plasma wave from the channel and estimate the spectrum and the energy of the emitted signal.

3.1. Plasma wave excitation in the wake of laser pulse

Let us consider a motion of electrons in the plasma channel created by the laser pulse. According
to the studies on filamentation of ultra short laser pulses in air [15], we consider an infrared laser
pulse of duration∼100 fs, focused in a spot of radius∼100µm and creating a plasma channel
of radius∼40–60µm and a few cm or a few tens of cm long. The self-guided pulse is shaped
like a pancake since its length∼10–15µm is shorter than both its radius and the plasma column
radius; therefore, it is sufficient to describe the motion of electrons in a one-dimensional model,
along the laser propagation axisz. The longitudinal electric fieldEz created in the plasma string
is described by the wave equation

∂2
t Ez + νe∂t Ez +ω2

peEz = Sz, (1)

whereνe is the electron collision frequency,ωpe =
√

e2ne/meε0 is the electron plasma frequency
and the source term,Sz, has been derived by Sprangleet al [6]:

Sz(r, z, t) ≈
eω2

pe

2ε0meω
2
0c

(
2νe

c
+

2

cω2
pe

∂ω2
pe

∂t
−

∂

∂z

)
IL, (2)

where IL is the laser pulse intensity. The dominant terms in the source are the first term
proportional to the collision frequency, which accounts for the radiation pressure created by
the laser pulse and the third term involving the spatial derivative, which accounts for the
ponderomotive force. The temporal variation of the electron density takes place only in the head
of pulse and can be neglected. The general solution to equation (1) in the reference frame of the
laser pulse,τ = t − z/c, takes the following form:

Ez(τ ) ∝
eωpe

2ε0mec2ω2
0

τL∫
0

dτ ′e−νe(τ−τ ′)/2 sin
(
ωpe(τ − τ ′)

) ( ∂

∂τ ′
+ 2νe

)
IL(τ

′). (3)

Here, we supposed that the electron collision frequency is small compared to the plasma
frequency,νe < ωpe. An example of the plasma wave electric field created in the wake of a laser
pulse is shown in figure1 for typical parameters of our experimental conditions:νe = 1.3 ps−1,
the laser pulse durationτL = 120 fs andωpe = 10 ps−1.

The plasma wave pulse is rather short, it contains 2–3 oscillations and damps out
within 1 ps time. The maximum amplitude is about 200 V cm−1 for a laser pulse intensity
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Figure 1. Temporal profile of the longitudinal electric field in the plasma (red
curve) created in the wake of a sine shaped laser pulse, the profile of which is
shown in blue curve.

of 24 TW cm−2. The general form for the maximum field amplitude can be calculated from
equation (3) for the sine laser pulse intensity,IL(τ ) = I0 sin2(πτ/τL). ThenEmax

z becomes:

Emax
z =

2π2eωpeI0 sin(ωpeτL/2)

ε0mec2ω2
0(4π2 − ω2

peτ
2
L )

. (4)

The optimum condition for the plasma wake excitationωpeτL = 2π is achieved for the pulse
duration that equals the plasma wave period, Emax

z = πeωpeI0/4ε0mec2ω2
0. It can reach a few

kV cm−1 for our parameters. From the maximum amplitude of the wake field, the total pulse
energy transferred to the plasma wave can be estimated asWp ≈ πρ2

0ε0|Emax
z |

2L, which is of the
order of 10−10 J, much less than the energy deposited for the ionization.

The calculation of the electromagnetic emission is performed from the Fourier spectrum
of the electric current associated with this plasma wave,jz(ω) = iε0ωEz(ω), which can be
written as:

jzω = −
eωω2

pe(ω + 2iνe)

2mec2ω2
0

(
ω2 − ω2

pe+ iνeω
) Iω, (5)

where Iω is the Fourier spectrum of the laser pulse intensity. The current spectrum has a
pronounced maximum at the plasma frequency, and it behaves as a linear function for low
frequencies,ω � ωpe, νe, τ−1

L :

jzω =
ieωνeτL

2mec2ω2
0

I0. (6)

This is the frequency domain corresponding to our measurements. It is important to notice that
the current in this spectral range is proportional to the electron collision frequency and the laser
pulse flux,I0τL, but does not depend on the plasma density.

3.2. Electromagnetic emission from the plasma wake

In this derivation, we are following the recent publication by Zhenget al [35] where the effect
of the finite orbit length on the Cherenkov emission of a charged particle has been considered.
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The radiated field can be calculated directly from the well-known expression for the vector
potentialA created by a currentj [36]:

A (r, t) =
µ0

4π

∫
d3r ′
j (r′, t ′)

|r− r′|
, t ′

= t −
|r− r′

|

c
, (7)

wheret–t ′ is the time for the field to travel from the point of emission to the point of observation.
By considering the far field,r � r ′, c/ω, this formula takes a simple form for the Fourier
component of the vector potential

Aω (r) = µ0
eikr

4πr
jω,k, (8)

wherek = nω/c, is the field wave vector andn is the unit vector in the radial direction. (In
fact, we measured the signal at a distance of the order of 10 cm, comparable to the length of the
plasma channelr ≈ r ′c/ω. The predictions of the theoretical model will be therefore compared
only qualitatively with experimental results.)

For our case, where the current is in the axial direction, the magnetic field,B = curlA, has
only the azimuthal component,Bϕ = −ik Az sinθ . Correspondingly, the radiation field is zero
on the laser axis,θ = 0. The electric field is then perpendicular ton andB, i.e. the emission
has a radial polarization.

Since the radius of the plasma columnρ0 is smaller than the emission wavelength, one
can assume aδ-function distribution of the current in the radial direction. From the axial current
distribution in the pulse frame given by equation (1), the Fourier component of the current reads:

jz,ω (ρ, z) = πρ2
0δ(ρ)eiωz/c jz(ω, z). (9)

While taking the spatial Fourier transform of the current one has to account for the finite length
of the emission zoneL in the axial direction. The energy spectral density of electromagnetic
radiation emitted in the unit solid angle then reads:

d2W

dω d�
=

cr2

πµ0
|Bω|

2
=

| jz(ω)|2

4πε0c

ρ4
0 sin2 θ

(1− cosθ)2
sin2

(
Lω

2c
(1− cosθ)

)
. (10)

This constitutes our principal result describing the angular and spectral distribution of the
radiation as a product of two factors. The frequency spectrum is shown in figure2 (left). It has
a maximum at the plasma frequency, corresponding to a few THz, and a broad low frequency
tail decreasing asω−2. The angular distribution contains multiple lobes, the angular positions
of which are defined by the condition: 4L sin2 θ/2 = Nλ. Here,λ = 2πc/ω is the emission
wavelength andN is an integer. The lobeN = 1 is the strongest and corresponds to the cone
opening angle

θ ≈
√

λ/L. (11)

It is shown in figure2 (right) for the caseLω/c = 200.
The energy spectral density of the total emission follows from equation (10) by integrating

over angles

dW

dω
=

ρ4
0

2ε0c
| jz(ω)|2

[
γ − 1 + ln 2Lω/c

]
, (12)

whereγ is the constant of Euler. In fact, the termγ − 1 accounts for the emission in the first lobe
and the logarithmic term is the contribution from other angles, which is much less intense than

New Journal of Physics 10 (2008) 013015 (http://www.njp.org/)

http://www.njp.org/


8

Figure 2. Spectrum (left) and the angular distribution (right) of the electro-
magnetic emission.

the main conical emission in the first lobe as it is distributed over all directions. In this respect,
the model presented above for the conversion of plasma waves into electromagnetic waves also
explains the emission observed at large angles,θ ≈ π/2 [6]. As a consequence, the energy of the
electromagnetic emission within the cone is independent of the filament length, which defines
only the emission angle. These features are quite different from those of the standard Cherenkov
emission for which the energy is proportional to the length of the particle trajectory.

According to equations (6) and (12), the energy spectral density of the electromagnetic
emission in the long wavelength domain is proportional to the square of the laser pulse energy
and the square of the electron collision frequency. The emission efficiency should therefore
increase for gases which contain big atoms, such as xenon where the effective cross-section of
elastic electron collisions is larger than in air and in other noble gases.

Finally, by taking the integral in equation (12) over frequency one can estimate the total
energy of the electromagnetic emission:

W =
reω

6
pe

16mec3ω4
0νe

(
I0τLπρ2

0

)2 [
γ + ln

(
2Lωpe/c

)
− 1

]
, (13)

wherere = µ0e2/4πme is the classical electron radius. The emitted energy is proportional to
the square of the laser pulse energy, the third power of the electron density and it is inversely
proportional to the electron collision frequency. The spectrum width of the THz emission is
smaller for gases with a low electron collision frequency.

For the parameters of our experiment, the total electromagnetic energy in the THz domain
is predicted to be relatively small, about 10−14 J, corresponding to the emission efficiency of
about 10−11, which is actually due to a low conversion of the laser beam into the plasma wake. In
the present example, about 2% of the plasma wave energy is converted into the electromagnetic
emission. This is a quite reasonable number if one accounts for the high electron collision rate
and therefore, for a strong collisional dissipation of the plasma wave.
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Figure 3. Experimental set-up used for THz generation and measurement.

4. Forward THz generation and measurement in air

The experimental set-up used for the study of THz generation by filaments is shown in
figure3. The laser source is a Ti:sapphire CPA (chirped pulse amplification) system operating
at 10 Hz and delivering pulses of 150 fs duration. A single filament is formed by focusing
4 mJ (∼27 GW) femtosecond laser pulses in air using a 2 m focal lens. In the experiment,
the central part of the beam traversing the lens is selected by means of a 5 mm diameter
diaphragm, yielding a super-Gaussian spatial profile. We detect a specific spectral component
of the broadband THz radiation emitted by the plasma filament with a heterodyne detector
operating either at 91 or 110 GHz (0.1 THz).

The predictions of the theoretical model have been experimentally verified by measuring
the forward THz radiation in air in this low frequency range. Concerning the polarization
properties, the direction of the THz electric field is perpendicular to the detection axis, it lies on
the plane common to both detection and filament axes, and it does not depend on the laser pulse
polarization direction. By symmetry considerations, we conclude that the radiation is radially
polarized, as predicted by the transition–Cherenkov model.

Most of the measurements were done with the heterodyne detector at 0.1 THz, but we also
recently measured the spectral distribution of the produced THz pulse between 0.1 and 3 THz
with calorimetric detection [37]. The THz forward radiation from the filament was collected
with an off-axis parabola, and the collimated THz beam was sent to the bolometer at 4 K (see
description of the detector in [38]). By inserting several calibrated band-pass and low-pass filters
we were able to confirm that most of the THz pulse energy is emitted in the spectral region above
1 THz, and that its spectral distribution follows qualitatively the prediction of the theoretical
model.

At low frequencies the general formula (10) can be approximated by:

d2W

d� dω
∝

E2
f ν

2
eω

2

θ2
sin2

(
Lθ2

4c
ω

)
, (14)

where Ef is the energy contained in the self-guided pulse. This formula describes the THz
angular emission diagram at low frequencies. The aperture angle of the emission cone is
inversely proportional to the square root of the plasma channel length, as was previously pointed
out. We measured the plasma channel length, under different focusing conditions, by recording
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Figure 4. Radial THz signal as function of the propagation distance, measured
along the filament for two different focal length lenses:f = 2 m (a) and f =

0.75 m (b). The full width at half maximum (FWHM) is the length of the
obtained plasma channels.

the radial THz emission, under the reasonable assumption that the locally measured emission
requires the presence of plasma. In figure4, the results of measurements are shown for two
different focal lengths, 2000 and 750 mm. In the first case, the self-guided laser pulse creates a
30 cm long plasma channel and in the second case it is 8 cm.

For each set of focusing conditions we have recorded the angular diagram by rotating the
detector around a fixed point along the filament axis, as shown in figure3. We have compared the
measured and calculated emission diagrams for different lengths of filament, finding a very good
agreement between theory and experiment. In particular, the lawθ ≈

√
λ/L for the maximum

emission angle has been experimentally verified. In figure5, we show the comparison between
the measured and calculated emission diagrams for an 8 cm long filament.

4.1. Remote forward THz source created in air by focusing TW laser pulses

To test the potential of this forward THz conical emission to reach high intensities on distant
targets, we have also measured the THz emission from filaments generated with the Teramobile
laser [39]. In this case, the pulse peak power was 2 TW. The laser pulse was focused by means
of a telescope with the focal length of 20 m. The laser beam splits in a multi-filamentary
structure before collapsing in a large bundle, which generates a 5 mm diameter and 4 m long
plasma column, around the focus. The measurement of forward THz emission was performed
by means of the 0.1 THz heterodyne detector. We obtained in this case a strong THz signal and
the corresponding emission angular diagram is shown in figure6. The detector was placed 2.5 m
away from the rotation point along the laser axis. Due to the experimental difficulties resulting
from the long plasma channel and large beam size, we measured the THz radiation only on one
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Figure 5. Comparison between experimental (a) and theoretical (b) THz
emission angular diagrams for an 8 cm long filament.

Figure 6. Experimental angular diagram (measured only between 0◦ and 180◦)
of THz radiation created at long distance (20 m) with a TW laser (Teramobile).

side of the beam. Note that, overall, the measured angular distribution matches the theoretical
model. The fine structures result from the fact that for the long plasma channels involved, the
measurement position is not quite in the far-field. Taking into account the measurement position,
by comparing the signal levels for the pulse peak powers of 27 GW shown above and 2 TW, we
estimate, for the latter case, a forward emission with energy of two to three orders of magnitude
stronger than the former. The energy needed for the pulse to create a large plasma column
is about one to two orders of magnitude larger than in the case of one filament, where we
created a 100–200µm large plasma column. Now, following the transition–Cherenkov model,
the radiated power in unit solid angle is proportional to the square of the energy of the self-
guided pulse that creates the plasma (equation (14)), therefore we expect the radiation to be
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Figure 7. Experimental set-up used to detect, at the same time, the THz emission
and the conical emission of the filament in gases.

between 100 and 1000 times stronger in the case of a large plasma column. A study of the
polarization properties of the emitted radiation showed a radial polarization, as in the previous
experiments.

5. Experimental results on forward THz emission by filamentation in noble gases

In this section, we present our experimental study of the THz emission from filamentation in
noble gases. In most of our experiments, we used xenon, except that at the end of this section
we present a comparison between xenon, argon and krypton. Figure7 shows the experimental
set-up that we used for the measurements in this section. The laser system is a Ti:sapphire CPA,
which can deliver pulses with energies up to 15 mJ (at 100 Hz), with duration of∼40 fs, centered
at 800 nm wavelength. The pulses were focused with a 2 m focal length lens into a 1.5 m long
gas cell. The gas pressure was kept around 1 atm. In order to avoid the absorption of the forward
THz radiation by the exit window, we used a 45◦ aluminium mirror, with a half-circle hole at the
top, to reflect the THz beam. The reflected half of the THz cone then passes through the Teflon
wall of the cell, and is detected by the heterodyne 0.1 THz detector.

We first investigate the dependence of the THz radiation on the pulse energy. The
integration over the solid angle of the equation (14) gives:

1W ∝ E2
f ν

2
eν

2 ln

(
2π Lν

c

)
1ν, (15)

whereν = 0.1 THz, is the signal frequency and1ν = 6 GHz is the bandwidth of our heterodyne
detector. As the intensity of the laser pulse in the filament is defined by the filamentation process,
we conclude that the efficiency of the forward THz emission should be proportional to the square
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Figure 8. Measured THz signal (back dots) as a function of the filament energy,
along with quadratic fit (dash-dotted line).

of the pulse energy, the square of the electron–neutral collision frequency and the logarithm of
the filament length.

In order to examine the agreement of the theory with the experimental results, we varied
the pulse duration in the range 40–120 fs, by adjusting the bandwidth at the compressor part
of the CPA system, and kept the input power around the threshold for filamentation in xenon
(about 2.5 GW) (see figure8(a)). For different durations we measured the input and output
pulse energies and found nearly constant transmission in accordance with Dubietiset al [40].
For the mono-atomic gases involved, the critical power does not change with the pulse duration.
Thus changing the duration of the input pulse allowed us to change the energy contained in the
filament. In figure8(b), we present the measured THz signal as a function of the filament energy
and observe a quadratic dependence, in accordance with the theory (see equation (15)).

In these experiments, we also observed a bright ‘blue spot’ after filamentation, emitted
in the laser direction, but slightly off-axis (see inset of figure9). The spectrum of the spot
is centered at a wavelength of 400 nm, corresponding to the second harmonic of the input
signal. Since the gases that we use are all centro-symmetric, we attribute this second harmonic
generation (SHG) to the mixing of the generated THz signal with the fundamental, in a third
order nonlinear process. This process can be described with the polarizability:P(3)2ω

i (t) ∝

χ
(3)

i jkl E
ω
j (t)Eω

k (t)E0
l (t) [41]. During the filamentation, the laser pulse can split into multiple

pulses; hence, the THz generated at the peak of the pulse can interact with the trailing portion of
the pulse. To confirm this, we spatially and spectrally filtered the SHG, and measured its relative
strength with respect to the strength of the emitted THz. As shown in figure9, we observe that
the SHG signal is linearly proportional to the THz, as expected from the equation above.

6. Comparison of the conversion efficiencies of forward THz emission
in noble gases and in air

In order to study the dependence of THz generation on the electron collision frequency, we
measured the forward THz signal emitted from filaments in xenon, argon, krypton and air, all at
atmospheric pressure. For each case, we also measured the energy in the filament coming out of
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Figure 9. SHG signal versus the THz signal. The linear dependence of these two
signals is an indication of SHG by the third-order mixing of the fundamental and
THz pulses. The inset is a photographic picture of the conical emission coming
from the filament. The blue spot that gives SHG signals is emitted off-axis and
exhibits a 400 nm centered frequency spectrum.

Table 1. THz signal and filament energy measured for four different gases.

Gas(p = 1 atm) THz signal (mV) Filament energy (µJ)

Air 90 700
Ar 51 410
Kr 61 300
Xe 44 100

the cell by selecting the core with an aperture. In table1, we show the measured values of the
THz signal and the filament energy.

In light of the theoretical considerations presented above, one can assume the same
temporal length of the emitted THz pulse in the different noble gases. Therefore, the relative
conversion rates can be estimated by dividing the THz signal by the energy in the filament.
From table1, we can find the following ratios between the conversion rates:ηAr/ηAir ≈ 1,
ηKr/ηAir ≈ 1.6 and ηXe/ηAir ≈ 3.4. These relative conversion ratios qualitatively match our
expectation from the theory, as equation (15) predicts that the THz energy increases with the
electron collision cross-section, as discussed in more detail below.

7. Forward THz emission and above threshold ionization (ATI) processes

In this section, we present a more detailed and quantitative study of the relative conversion
efficiencies. We can express the electron–neutral atom collision frequency asνe = naveσm,
where ve is the mean electron velocity,na the gas neutral atom density andσm the momentum
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transfer cross section (MTCS) of electrons. Equation (15) can therefore be written as:

1W ∝ E2
f n2

av
2
eσ

2
mν2 ln

(
2π L fν

c

)
1ν. (16)

The density of neutral atoms, for a given pressure, is the same for all considered gases. The
power of the THz emission has a logarithmic and therefore weak dependence on the filament
length,L f, hence can be neglected. As a result, the ratio between the emitted THz power and the
squared filament energy is only proportional toσ 2

m and the squared average electron velocity, i.e.
the averaged electron kinetic energy,T ∝ v2

e. Therefore, one can compare the electron MTCSs
for different gases by writing:

√
T ′σ ′

m (T ′)
√

Tσm (T)
=

E

E′

√
S′

THz

STHz
, (17)

where
√

T/T ′ = ve/v′

e andSTHz ∝ PTHz is the measured THz signal. We can write the electron
kinetic energy for ans-photon ATI process [42] asT =

∑
s αs(n + s)ηω − (Ui +Up), whereηω

is the photon energy ands is the number of above-threshold photons. The integer number
n = mod

[(
Ui +Up

)
/ηω + 1

]
is the minimum number of photons needed to ionize the atom. In

this formulaαs is the probability of having ans-photon ATI process,Ui is the ionization energy
of the atom or molecule andUp = e2IL/2ε0mecω2 is the ponderomotive potential [43] given by
the laser pulse intensityIL. In general, in the range of intensities reached during filamentation,
the ponderomotive potential is of the order of a few eV and cannot be neglected.

For a given pair of gases, the right-hand side of equation (17) is completely determined by
the experimental values given in table1. For the left-hand side, we assume that the averaged
electron kinetic energy is nearly the same in all three noble gases. To justify this, we first recall
that the intensity within a filament is clamped to a certain level given by equation (20) in [15].
The clamped intensity value in krypton is slightly higher than in xenon (I ≈ 3× 1013 W cm−2

in krypton, I ≈ 1.2× 1013 W cm−2 in xenon). On the other hand, from previous works on ATI
processes [44] we can infer that in order to have electrons with the same average kinetic energy,
one needs slightly higher intensity in krypton than in xenon because of the higher ionization
potential of krypton. Hence, the difference in the clamped intensities approximately balances the
average electron kinetic energies. The same argument also holds for the Xe/Ar and Kr/Ar pairs.
The averaged electron kinetic energies in the considered gases are thus reasonably considered
to be roughly the same; hence, we can writeT/T ′

≈ 1. Equation (17) then becomes:

σ ′

m

σm
(T) ≈

E

E′

√
S′

THz

STHz
. (18)

Figure 10 shows a graphical examination of this equation. The MTCS ratios are plotted as
functions of the electron kinetic energy, by comparing Xe/Ar (solid line), Xe/Kr (dotted line)
and Kr/Ar (dash-dotted line) by using the MTCS values reported by Hunteret al [45] and by
Frost and Phelps [46]. The values we measured are represented by dots in the graph of figure10,
and at the same time they determine the right-hand side of equation (18). The experimental data
of figure 10 have fixedy-coordinates, while the electron kinetic energy (x-axis) is unknown.
Therefore, the best fit of the measured points on the graphs gives a reasonably good estimation
of the electron kinetic energy in our experiments.

As can be seen from figure10, the best agreement is found for electron energies around
3 eV, but the zone between 2 and 4 eV still provides good results. We note that the zone
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Figure 10. Graphical method used to examine equation (17). The solid, dotted
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havey-axis values fixed by the measurement; they are translated along thex-axis
(electron kinetic energy) in order to find the energy range in which we have the
best agreement with the values reported in the literature. The best fit is found in
the energy range 2–4 eV.

between 2 and 4 eV implies 1-photon and 2-photon ATI processes at a wavelength of 800 nm.
Therefore, we conclude that 1-photon and 2-photon ATI processes can explain our experimental
observation of forward THz emission during filamentation in rare gases. If one considers
the intensity reached during filamentation processes in noble gases (∼1013 W cm−2), 1-photon
and/or 2-photon ATI processes are expected with a high probability, as previously pointed out
for longer pulse durations [44, 47].

We conclude that the forward THz emission is strongly tied to the ATI processes during
the filamentation in rare gases. In particular, a high order ATI process, in the electron energy
range 1–4 eV, should give a stronger forward THz emission. This can be particularly interesting
for molecular gases, where the MTCS can exhibit resonances, due to the different rotational and
vibrational states of molecules.

8. Conclusions

In this paper, we described the origin of the THz radiation from the filaments created by
intense femtosecond laser pulses propagating in gases. Both the conical and radial components
of THz emission have been attributed to the same effect, namely the transition–Cherenkov
process. The space charge is generated at the pulse’s peak intensity; the ponderomotive force
of the laser field separates the charges, generating dipole-like structures, oscillating in the
wake of the laser pulse. Since the ionization front moves with the laser at the speed of light,
this gives rise to emission resembling transition and Cherenkov radiations. The theory of
the transition–Cherenkov emission process has been developed and the spectrum and angular
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distribution of the radiation has been calculated. THz experiments performed in air, xenon,
krypton and argon have been compared with the theory. The THz radiation pattern is in excellent
agreement with calculations. Furthermore, the THz emitted energy is shown to increase as the
square of the laser pulse energy, as expected. Relative THz efficiencies measured in different
gases depend on the electron–neutral atom collision frequency. From the relative efficiencies,
it is possible to extract the initial electron kinetic energy during the multiphoton ionization
process. It is shown that ATI plays an important role in the THz generation.
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