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a b s t r a c t

Filament-induced amplified spontaneous emission, ASE, in air–hydrocarbons (�2%) gas mixture, CH4,
C2H2, and C2H4, was investigated by detecting fluorescence emitted from CH fragments prepared in the
electronically excited A2Δ state in the filament. The fluorescence signal recorded from the side direction
of the filament was linearly proportional to the length of the filament, while the fluorescence signal
emitted in the backward direction of the laser propagation increased nonlinearly with the filament
length. This difference showing that the filament acted as a gain medium in which the spontaneous
emission from CH was amplified (ASE). This process realized by a small amount of hydrocarbon
molecular species in air can be applied to remote sensing of pollutants in air.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Intense femtosecond laser pulse propagation in air shows a unique
property which is called filamentation. Filament in air results from a
dynamic interplay between self-focusing induced by the neutral air
molecules and defocusing from the plasma produced via multiphoton/
tunnel ionization of air molecules [1–7]. In recent years, filamentation
has been regarded as one of the most attractive phenomena induced
by femtosecond laser propagation not only by its complex and
characteristic mechanisms leading to intensity clamping [8–10]
and lasing action in air [11–15] but also by a variety of its applications
such as lightning triggering [16–18], remote sensing [19,20], THz
generation [21] and ‘rain' making [22] etc.

It was recently demonstrated that many kinds of chemical
species in air existing as pollutants can be detected and identified
by observing the backward fluorescence from the filament pro-
duced in air [5,19,20]. Indeed, through the recent investigations by
filament-induced fluorescence spectroscopy, lasing action occur-
ring in the filament [11,12] could enhance the sensitivity of the
detection of pollutants in air in atmospheric remote sensing.

The importance of this phenomenon (lasing action in filament)
aroused some new work on this subject. The lasing action along
the laser propagation direction, that is, in the forward direction,
was observed by Yao et al. [13], who generated amplified high-
order harmonics in the filaments in air using near-infrared light.

On the other hand the lasing action along the direction opposite to
the laser propagation direction, that is, along the backward
direction, was observed by Dogariu et al. [14], who sent ultraviolet
(226 nm) laser pulses through air. Also, high-energy backward
lasing (with the energy of up to 300 nJ) in the atmosphere has
been implemented by Traverso et al. [23]. Lasing generation in
molecular nitrogen in an argon-nitrogen gas mixture in a femto-
second laser filament was observed by Kartashov et al. [24]. They
showed that a mid-infrared wavelength filament-assisted nitrogen
laser can be at least as efficient as its conventional discharge-
pumped counterpart. In a theoretical investigation [25], the back-
ward lasing action of N2 and O2 in air through the igniter-heater
technique was proposed. Essentially, the intense femtosecond
laser pulse (the igniter) creates a lasing-filament in air while
liberating some seed electrons. A second, longer pulse (the heater)
accelerates the seed electrons and initiates an electron avalanche
resulting in more gain. This technique would result in the genera-
tion of a strong, coherent, counter-propagating optical pulse which
provides a tool for various remote-sensing applications [25].

In the present study, we report the experimental results on the
Amplified Spontaneous Emission induced by filament in air–hydro-
carbons (�2%) gas mixture, CH4, C2H2, and C2H4. By comparing the
fluorescence signal of the A2Δ–X2Π emission band of CH radicals
emitted in the direction perpendicular to the laser propagating
direction, hereafter called the side direction, and that emitted in the
backward direction, it was confirmed that amplification process
originated from the electronically excited states of CH was created in
the filament in air contaminated with a low percentage of hydro-
carbon molecular species. Therefore, the idea of lasing action even in
such a low percentage of air pollutant is clearly confirmed.
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2. Experiment

Using a mode-locked Ti:Sapphire chirped pulse amplification
(CPA) system operating at 10 Hz repetition rate, we generated
transform limited pulses with a width of 58 fs FWHM (full width
at half-maximum), a central wavelength at 800 nm, and a max-
imum pulse energy of 12 mJ/pulse after a portable compressor. In
the two-pass amplifier (inside CPA system), a half-wave plate and
a polarizer, installed before the gain medium, were used to change
the output energy.

The schematic diagram of the experimental setup used to
record the fluorescence emitted in the side direction is shown in
Fig. 1 and that used to record the fluorescence emitted in the
backward direction is shown in Fig. 2. In both cases, the laser beam
was focused by a plano-convex lens (L3, f¼1000 mm) into a tube
filled with a gas mixture, air with 2.0% hydrocarbon molecular
species, whose total pressure was 1 atm.

In order to record an image of the filament (to measure the
filament's length) as well as fluorescence signal from the side
direction, the fluorescence emitted from the whole filament zone
was projected through a periscope, two metallic mirrors and two
fused silica lenses, onto the entrance slit (2 mm width) of a
spectrometer (Acton Research Corporation, Spectra Pro 500i)
equipped with an intensified charged-coupled device (ICCD)
camera (Princeton Instruments, PIMAX 512) as shown in Fig. 1.
For recording the image of the filament, the zero-th order reflec-
tion of the grating (1200 groove/mm) was used. In recording a
spectrum using the first-order reflection of the grating, the
wavelength resolution of 0.3 nmwas achieved when the slit width
was 100 μm. The ICCD detector was operated in the gating mode
that transmitted mostly the molecular fluorescence into the
detector so as to minimize the background light.

Since the length of the filament generated by the output beam
of the compressor was longer than the opening of the side
window, a telescope was used to increase the beam diameter.
By this way we reached to the filament lengths shorter than the
opening of the side window which made it possible to collect all of

fluorescence signal in the side direction. Besides that, in the
current experiment for all different mixture of hydrocarbons and
air, the results were achieved in single filament regime. Thus
experiment was done in a special range of the pump power to
prevent the beam from breaking up to several numbers of
filaments (multiple filaments regime). Although more amplifica-
tion of spontaneous emission would have been achieved by the
longer filament, these two factors (diameter of the side window
and formation of multiple filaments) restricted us to reach to
longer filament length.

The backward fluorescence was collected with the fused silica
lens (L4 in Fig. 2), whose focal length is f(L4)¼200 mm onto the
entrance end of a 3 m long fibre bundle (Princeton Instruments,
Model LG-455-020), and was guided to the entrance slit of the
spectrometer through an Imaging Fiber Adaptor (IFA in Fig. 2).
In addition, an interference filter that transmits 431 nm light with
the spectral bandwidth of 2.5 nm (FWHM) is placed in front of the
fiber head to avoid introducing the strong white light into the fiber.

The sample gas tube was first evacuated to a background
pressure of 4�10�2 Torr, and then, the air (98%) and hydrocarbon
(2%) were mixed in the gas tube so that the total pressure became
760 Torr. The concentration of 2% was chosen because the lower
flammable limits of the CH4, C2H2, and C2H4 in air are 4.4%, 2.5%
and 2.7%, respectively [26].

3. Results and discussion

In Fig. 3, we show the spectrum of the filament-induced
fluorescence of air (black) and that of air–acetylene (2%) gas
mixture (red) which was recorded from the side. The fluorescence
spectra for the mixture of air with ethylene and air with methane
were found to be almost the same as the one for the mixture of air
with acetylene. The fluorescence signal appearing at around
431 nm corresponds to the A2Δ–X2Π (0,0) transition of CH frag-
ments [27]. The origin of each fluorescence signal was the subject
of many investigations. The fluorescence mechanism of hydro-
carbons and nitrogen in strong laser field were discussed in [28–
30]. The fluorescence mechanism in hydrocarbon was described as
a neutral dissociation through superexcited states [28]. First,
highly neutral excited states above the ionization potential, super-
excited states, were populated through multiphoton excitation.
Then the superexcited states could decay into different channels.

Fig. 1. Experimental setup for recording the image of the laser-induced filament as
well as the side fluorescence intensity. The focal lengths of the two plano-convex
lenses (L2 and L3) are þ1000 mm and the focal length of the plano-concave lens
(L1) is �200 or �250 mm.

Fig. 2. Experimental setup for recording the backward fluorescence of the laser
induced filament. The specifications of the optical components L1–L3 are the same
as in Fig. 1. IFA stands for the imaging fiber adaptor.

Fig. 3. The fluorescence emission spectrum from the laser-induced filament in ambient
air (black) and that from the laser-induced filament in 2% acetylene in air (red). The
A2Δ–X2Π (0,0) transition of CH fragments can be seen at around 431 nm. More precise
spectroscopic assignments of the emission spectrum in the wavelength region above
can be found in Refs. [28,29]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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One of them is neutral dissociation. The lifetime of the super-
excitated state was measured for methane in a pump and probe
experiment to be about 160 fs [31]. The CH (A2Δ) fragment created
in a strong laser field decays to CH (X2Π) resulting in the
fluorescence signal at around 431 nm. Therefore the population
inversion obtained by direct laser excitation through superexcited
states.

Fig. 4 shows the observed filament images for the gas mixture
of C2H4 (2%) in air recorded from the direction perpendicular to
the light propagating axis, that is, the image of the side fluores-
cence, at four different input laser pulse energies. The length of
the filament increases as the input laser pulse energy increases.
In order to define the length of the filament, the recorded filament
image (Fig. 4) was integrated along the direction perpendicular to
the laser propagation direction to construct the averaged intensity
distribution along the laser propagation direction. This integration
was done for each gas mixture at different input energies. In the
present study, the full width at half-maximum of the intensity
distribution is defined as the effective length of the filament.

In this experiment, the white light continuum was found in the
backward fluorescence but not from the side. In order to remove the
contribution of the white light continuum, the emission spectrum
between 429 and 432 nm, where the rotational band structure of the
A2Δ–X2Π (0,0) emission transition is observed, was recorded first with
the sample gas (air with 2% hydrocarbon molecules) as shown in Fig. 5
for CH4, (squares), and then the emission spectrum of air with the
same partial pressure (0.98 atm) as in the gas mixture was measured
(stars). By subtracting the emission spectrum of air from that of the gas
mixture, the contribution from the CH emission was extracted as
shown in the same figure for CH4 (triangles). In the discussion below,
the fluorescence signal integrated over the entire range of the
background-subtracted fluorescence spectrum between 429 and
432 nm is defined as the signal of the backward fluorescence. More-
over, to record the backward signal we eliminated the reflection of the
output window of the gas cell by the ICCD detector in the gatingmode.

In Figs. 6–8, the integrated signal of the CH fluorescence for the
backward and side fluorescence emission are plotted as a function of
the filament length for the gas mixture of 2% C2H2, C2H4 and CH4,
respectively. In these figures it is clearly shown that although the total
signal for the side fluorescence is linearly proportional to the filament
length, the fluorescence signal for the backward direction increases
nonlinearly as the filament length increases.

Before we discuss these trends in more detail, we first mention
that in the current experiment, the intensity clamping [8,9] in the
interaction of femtosecond laser pulses with gases plays a critical
role and it is interpreted as a very important factor to find the gain
coefficient in filament zone as the pump power is increased. As it
is mentioned before, formation of filament is a result of the
balance between self-focusing and defocusing due to the plasma
generated inside the filament. The generated electron density has
a threshold which saturates self-focusing and limits the peak
intensity inside the filament by defocusing the beam [2]. Also,
this constant electron density above the critical power has been
observed in helium [32] and it has been shown both experimen-
tally and numerically that the plasma density of the single
filament in air is only slightly dependent on the laser power
[33]. Thus even by increasing the pump power (above critical
power and before multiple filamentation) the intensity is clamped
and the ionization degree to generate plasma does not go beyond
few percent for a gas at atmospheric pressure [2]. Therefore with a
good approximation we can consider all parameters which are
function of the intensity and influence the population inversion,
for instance multiphoton superexcitation, unchanged by

Fig. 4. The filament images of 2% C2H4 mixed in air. The pulse energies of the input pulses are 1.5, 2.5. 3.5, and 4.5 mJ/pulse in the descending order from (a) to (e). The laser
beam propagates from right to left.

Fig. 5. The spectrum of the light emission from the laser-induced filament in 2%
CH4 mixed with air (squares), the spectrum of the background white light
continuum in air (stars), and the difference spectrum (triangles) obtained by
subtracting the white light continuum from the emission spectrum.
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increasing the input power. So the gain would be considered same
in single filament with different length and volume in different
input power (above critical power and before multiple filaments
form) since the intensity is clamped.

It is known that a gain medium can amplify the spontaneous
radiation emitted by the excited molecules of the medium itself.
A spontaneously emitted photon at one end of the amplifier can
stimulate the emission of more photons and lead to substantial
output radiation at the other end of the amplifier. This amplified
emission regardless of whether there is any input radiation, is
called ASE. If the amplification along a long thin cylindrical
medium is sufficiently large, the output radiation can be quite
bright, powerful and moderately directional [34–36]. Hence, such
a medium emitting ASE is referred as mirror-less laser with output
characteristics intermediate between a truly coherent laser oscil-
lator and a completely incoherent thermal source [34–36]. As

reported previously in [11,12] the filament in air can act as a long
and thin gain medium in which the ASE with high directionality is
generated. In these primary experiments the condition of station-
ary population inversion was considered. In this work, we consider
the more general condition by including the variation of the ASE
intensity with space and time. The pump laser, which creates
population inversion, is a pulse laser with femtosecond duration
while ASE develops about a nanosecond later in the condition of
the same time scale of decaying population inversion. Therefore
time would play an important role in the calculation and explana-
tion of the ASE results.

We notice that the filament length in this experiment was not
more than 1.7 cm. This means that the femtosecond filamenting
pulse took about 57 ps or less to go through the filament zone.
However, the fluorescence lifetime of the excited species is of the
order of a few nanosecond (ns). This is much longer than the

Fig. 6. The backward fluorescence (a) and the side fluorescence (b) emitted from the filament produced in air with 2% C2H2 mixed with air.

Fig. 7. The backward fluorescence (a) and the side fluorescence (b) emitted from the filament produced in air with 2% C2H4 mixed with air.

Fig. 8. The backward fluorescence (a) and the side fluorescence (b) emitted from the filament produced in air with 2% CH4 mixed with air.
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passage time, 57 ps or less, of the pump pulse. We thus can
approximate that the initial population differences, N0, created by
the pump pulse remains unchanged after the passage of the pump.
Because of intensity clamping, we further approximate the fila-
ment zone as a narrow cylinder in which the initial population
inversion is constant all over. The intensity of the ASE across the
cross section of the cylinder is thus assumed uniform. We shall
investigate whether this cylindrical medium can act as a gain
system for contaminated air by hydrocarbon.

It is important to mention that because of the short duration of the
pump pulse compared to the lifetime of the excited species, which is
of the order of a few nanosecond (ns), the pumping process does not
affect the level populations in the filament zone during the develop-
ment of ASE. Thus the changes in population differences are mainly
due to stimulated emission and spontaneous emission. So the rate
equation for the population difference (N), considering an approxima-
tion which is explained in what follows, is

∂N
∂t

¼ �2s
hν

NI ð1Þ

where s is the cross section of stimulated emission and hν is the
photon energy. By considering the filament zone as an amplifier
for spontaneous emission, we can write an equation for the
variation of the intensity, I, in space and time:

∂I
∂z

þ1
c
∂I
∂t

¼ sNI ð2Þ

where c is the speed of light. In Eqs. (1) and (2) we only consider
the contribution of stimulated emission. But to calculate the ASE
intensity, the elemental variation, dI, must account not only for the
stimulated emission but also for the spontaneous emission. It is
worth mentioning that there are two ways for the treatment of
ASE. One way is adding a term to the right side of Eqs. (1) and (2)
which is the contribution of spontaneous emission of photons.
The other simplified way, is solving the ASE problem by consider-
ing an “effective noise input, Ieff” [36]. This approach is based on
Eqs. (1) and (2), which spontaneous emission term has been not
considered in them. By integrating both sides of Eq. (2) over time
and space then considering the solution of Eq. (1) for N, the
following equation is obtained:

φout ¼ A ln ½1þegLðeðφeff =AÞ �1Þ� ð3Þ

where φðzÞ � R1
�1 Iðz; tÞdt, is the fluence which is a measure of the

total energy content of the ASE. So φout � φðLÞ represents the
output fluence of the filament of length L and φeff � φð0Þ ¼R1
�1 Ieffdt gives the effective fluence of the gain medium. We note

that this solution (Eq. (3)) gives φout � 0 or I(z,t)¼0 for all z if
I(0,t)¼0. Thus, some effective input I(0,t)¼ Ieffa0 is necessary to
take into account the spontaneous emission in order to obtain a
non-vanishing I(z,t). Also in this equation A¼hv/2s and g¼sN0 is
the small signal gain coefficient where N0 is the initial population
differences at all z. As we explained already, because of the
clamped intensity inside the filament we can take N0 to be a
constant in the integration over space in the narrow cylinder.

By using Eq. (3) we fitted a curve to the detected backward
fluorescence signal as a function of the filament length (Figs. 6–8(a)).
In the experiment, integrated fluorescence signal is a measure of
fluence. The fitting parameters are g,φeff and A. By this fitting,
g¼3.4170.71, 11.4871.55 and 3.1970.24 cm�1 were obtained
for the gas mixtures of 2% C2H2, C2H4, and CH4, respectively. From
the side we observe a linear relation between the length of the
filament and the total fluorescence signal (Figs. 6–8(b)).

To interpret these observations, it is important to mention that by
increasing the laser power the diameter of filament increases as well
as its length. Briefly, by increasing the initial laser power, more energy
is injected into the filament volume defined as the high-intensity

volume where the clamping phenomenon maintains a maximum
intensity. However, the defocusing due to the plasma generated
inside the filament balances the self-focusing effect and leads to
phenomena such as intensity clamping inside the filament (lim-
ited peak intensity) [8,9]. Therefore, an increase in filament's
volume and cross sectional area with a clamped intensity has to
occur, with the increase of the initial laser power before multiple
filaments form as an effect of intensity clamping. As observed by
others [9,37] the fluorescence signal is proportional to the fila-
ment's volume. Therefore the increase of the signal as a function of
pulse energy (above critical power) is an indication of the growth
of the filament volume, in which the intensity is clamped. The
point is that the trend of changes in fluorescence signal as a result
of increasing the volume should be same for all directions. But
Figs. 6–8, clearly show that these trends are not same for back and
side directions for all gas mixtures. This difference is due to the
fact that on one hand the backward fluorescence signal is the
amplified spontaneous emission signal and the filament zone acts
as a gain medium for emission signal but on the other hand this
kind of amplification is negligible from the side because of the
very short diameter of the filament and it is covered by the effect
of volume. Thus the origin of this difference in the results of back
and side is the amplification of the signal which happened along
the filament length. Otherwise other physical phenomena which
may happen inside the filament by increasing the pump power
would have the same effect on the trend of changes of emission
signal for all directions. The collected fluorescence signal from the
side in this experiment and comparing the result with backward
fluorescence signal is an important evidence of existing amplifica-
tion of emission along the filament length.

The observed gain shows that the population inversion is
realized in CH. It is possible that hydrocarbon molecules are
excited by multiphoton absorption of 800 nm light to their
superexcited states, from which both the electronically excited
CH in the A2Δ state and the electronic ground X2Π state are
created, and the population of CH in the electronically excited A2Δ
states becomes larger than that of CH in the electronic ground
state. Even though the details of the mechanism of the formation
of the superexcited states and their decay processes are not well-
known, it is certain that 2% of hydrocarbon molecules in air can act
as a gain medium when the filaments are generated by intense
ultrashort laser pulses. Considering the gain in the CH fragments,
measuring some characteristics of a medium such as population
inversion ratio and molecular density of the medium are interest-
ing physical issues to investigate in the future.

4. Conclusion

By focusing ultrashort laser pulses into the 2% mixtures of CH4,
C2H2 and C2H4 in air at 1 atm, different trends of variation of
fluorescence signal from CH fragments versus the length of
filament were observed, from the back and the side. The results
indicate the existence of ASE from the hydrocarbon molecules. For
the description of ASE, we considered the non steady state
equation for propagation of intensity in the amplifying medium
(filament) characterized by a gain coefficient. It is expected that
this amplified spontaneous emission process can be applied to
remote sensing of pollutants in atmosphere with high sensitivity.
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