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Abstract All matters in the path of filaments induced
by an intense femtosecond laser pulse propagating in
air could be fragmented and result in the emission of
characteristic fluorescence spectra from the excited frag-
ments. The fluorescence spectra exhibit specific signa-
tures (fingerprints) that can be used for the identification
of various substances including chemical and biological
species. In this paper, we present an overview of the re-
cent progress in our laboratory concerning the “remote”
sensing of chemical and biological agents/pollutants in air
using filamentation-induced nonlinear fluorescence tech-
niques.
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1 Introduction

In the field of laser remote sensing of chemical and bio-
logical agents/pollutants, the ideal situation would be that
one laser source would do all the tasks. Conventional re-
mote sensing techniques usually require coherent sources
with a particular wavelength depending on the species to be
sensed. For example, in the differential absorption LIDAR
(DIAL) technique (see, e.g., [1]) the laser light has to be al-
ternatively switched to an on-resonance wavelength, where
the species under investigation absorbs, and to a neighbor-
ing off-resonance wavelength, where the species does not
absorb. Although this technique has been extensively used
to measure the pollutants like NO, SO2, O3, Hg, CH4, and
Benzene with sensitivities in the ppb range, the laser wave-
lengths required are over wide spectral ranges, which are
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not achievable by only one laser source. In particular, for bi-
ological agent detection, the UV laser-induced fluorescence
LIDAR technique is usually used, where broadband spectra
are generated [2, 3]. However, such broad-band fluorescence
represents a weakness insofar as efficient and effective iden-
tification of biomolecules is concerned.

Recent advances in high-power femtosecond laser tech-
nologies have made it possible to examine the feasibil-
ity of such an “ideal” case. High-peak-power femtosecond
laser pulses with pulse width less than 50 fs are commer-
cially available and are made relatively compact. This de-
velopment opens a new research field on “remote” sens-
ing of chemical and biological agents/pollutants in air by
filamentation-induced fluorescence based on the propaga-
tion of strong femtosecond laser pulses in air. The under-
lying physical mechanisms of femtosecond filamentation in
transparent media are now basically understood, for which
the reader is referred to several excellent review papers
[4–7]. The propagation of femtosecond laser pulses in air
is dominated by the dynamic equilibrium between the Kerr
effect which focuses the beam and the creation of plasma
which defocuses the beam. It results in the formation of
self-guided structures of 100 µm in diameter called fila-
ments. Such filamentation can be controlled to occur at a
distance as far as a few kilometers in the atmosphere [8]. It
is worth stressing that the filamentation can even be formed
at a far distance in an adverse atmospheric environment [9]
and the filaments are hardly disturbed by turbulence [10].
Inside the filament, the peak intensity is clamped to around
5 × 1013 W/cm2 [11–13]. It is high enough to dissoci-
ate/ionize gas molecules, to explode fine particles (dusts and
aerosols), and to induce “partial” breakdown on solid tar-
gets. It was predicted by one of the authors [14] that the in-
teraction of the strong field inside the filament in air with
molecules would result in “clean” fluorescence emissions
practically free of plasma continuum. It was further proved
that such clean fluorescence is a universal strong-field phe-
nomenon inside the filament for all targets ranging from
gases, aerosols to solids. In some cases, such as solid tar-
gets, a time-resolved technique could be used to facilitate
the detection of clean fluorescence by triggering the detec-
tor properly. Furthermore, such clean fluorescence is unique
from agent to agent; i.e., each agent will result in its own fin-
gerprint fluorescence spectral characteristics. The first clean
fluorescence from fragments of fluorocarbons was measured
in a cell using femtosecond Ti–sapphire laser pulses [15].

Such properties of the filaments make them a promis-
ing technique with high potential in a view of applications
in remote sensing of trace chemical and biological agents
and pollutants in the atmosphere. In this paper, we present
an overview of the recent progress in our state-of-the-art
ultrafast intense laser laboratory concerning remote sens-
ing of chemical and biological agents/pollutants in air using

filamentation-induced fluorescence techniques. All experi-
ments were carried out using the Ti–sapphire laser system
generating pulses of 800 nm of 45 fs at two typical rep-
etition rates: 1 kHz (up to 2 mJ/pulse) and 10 Hz (up to
100 mJ/pulse). We shall first discuss some physical prop-
erties and the challenge of projecting filaments to long dis-
tances in air. This is followed by a comprehensive report
of the universal feasibility to remotely detect chemical and
biological agents over long distances using only one laser
source.

2 Physical considerations

It has been noted that the background energy (also called en-
ergy reservoir) plays a key role in the filamentation process
of ultrashort strong laser pulses over long distances [16–23].
As first proposed in [16], the constant high–intensity core of
a filament sustains over long distances due to the low in-
tensity part (energy reservoir) surrounding and refilling the
hot core (replenishment). Therefore, although particles, such
as water droplets, snow crystals, pollens, soot, and dusts, in
atmospheric air may have dimensions comparable with or
larger than the filament diameters, they do not affect very
much the filament propagation [24–26]. On the other hand,
it was discovered that removing the background energy will
lead to the termination of the filament [22, 23, 27]. In this
respect, the core filament and surrounding spatial extend are
not separable from each other. In [23] it was shown that af-
ter blocking the energy reservoir by an aluminum foil the
filamentation process, observed via fluorescence emission
from the plasma column, was terminated immediately af-
ter the pinhole. Moreover, the large spatial extent and the ef-
fect of the energy reservoir by inserting pinholes of different
sizes in the filament path were discussed both experimen-
tally and theoretically [22]. The authors observed different
stages of development ranging from the termination of the
filament, through its partial survival, to undisturbed prop-
agation. A background containing up to 90% of the pulse
energy was found to be necessary to maintain the filament
formation, including a first refocusing. The energy in the
background is more than five times larger than that found in
the filament core and for the filament formation it is more
critical to avoid a diffraction of energy at the edges of the
background than a collision with a (small) droplet near the
center. Such filamentation properties clarify why filaments
can be formed and propagate in an adverse atmospheric con-
dition, such as rain, as compared to linear propagation of the
beam.

In air, the critical power for self-focusing was measured
by observing the focal shift of the laser pulses [28] to be
∼10 GW for a 42 fs laser pulse; and it gradually decreases
to 5 GW for (chirped) pulse duration longer than 200 fs.
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However, it was shown that in some cases [29] the filamen-
tation would be terminated even if the laser power is higher
than the critical power, which was normally considered as
the only criterion to predict whether the filament will ter-
minate. This phenomenon is ascribed to the diffraction of
the laser beam by the plasma produced in the filamentation
process so that the remaining self-focusing power could not
overcome the divergence. This would lead to a premature
termination of the filament even if the power is still higher
than the critical power. Therefore, the formation and termi-
nation of the filamentation process in air are mainly depen-
dent on the energy reservoir, the diffraction of the laser beam
by the self-generated plasma and the critical power of the
laser pulse.

3 Technological developments for the stabilization and
enhancement of fluorescence emissions

The high peak intensity inside the filament (∼5 ×
1013 W/cm2) can dissociate/ionize gas molecules [15, 30],
generate higher harmonics [31–34], induce other paramet-
ric processes [35] as well as THz radiation [36–38], and
explode dust particles and aerosols or induce partial break-
down on solid targets [39, 40]. However, it was found that
the nitrogen fluorescence induced by the filamentation of
a large diameter (∼25 mm) collimated terawatt level fem-
tosecond laser beam fluctuates significantly on a shot-to-
shot basis despite the rather stable laser pulse energy [20]. It
was observed that the signal intensity distribution along the
propagation path as well as the starting point of the filamen-
tation varies randomly (see Fig. 1a). The physical origin of
these fluctuations in the fluorescence signal was attributed
to a competition among different filaments [41]. Multiple
filamentations originate from inhomogeneous intensity dis-
tribution in the transverse cross section of the laser pulse due

to either initial laser imperfections arising from the source
itself or during the propagation through any nonhomoge-
neous optical medium, which ultimately lead to the for-
mation of multiple filaments that are copropagating in air
[41–45]. Therefore, it is of particular importance to develop
techniques to stabilize and to enhance the fluorescence sig-
nals induced by filamentation. In that way, it is necessary to
control filamentation at a designated distance.

The effects of the initial laser beam diameter on the fluo-
rescence signals from nitrogen molecules in air by keeping
the input laser pulse energy constant was discussed in [20].
It was demonstrated that by reducing the initial beam diam-
eter, the detected back-scattered nitrogen fluorescence from
the filaments becomes much more stable on a shot-to-shot
basis (Fig. 1b). In addition, it was observed that, when the
beam diameter was decreased from 25 to 8 mm, the mea-
sured backscattered fluorescence signal was enhanced by
three orders of magnitude. Numerical simulations were per-
formed for a set of random initial pulse distributions im-
itating laser shots in both the large- and the small-beam
cases [21]. In the small beam there is a faster growth of mul-
tiple filaments with propagation distance, a larger average
diameter of plasma channels, and a larger overall amount
of electrons in the transverse beam section. In addition, sta-
tistical processing of the simulation results showed that in
the case of the small beam the number of filaments, the di-
ameter of the plasma, and the amount of electrons are more
predictable from one laser shot to another, since the ratio of
�N/N is less significant for the small-sized beam, where
N is the number of filaments and �N is the standard de-
viation of the calculated number of filaments, i.e., the error
bar. These effects are associated with beam squeezing. The
increase of the signal and its stability is due to the more ef-
fective usage of the background energy in the small beam.
However, by decreasing the laser beam diameter, the fila-

Fig. 1 Shot-to-shot
backscattered fluorescence
waveforms for N2 at 337 nm
detected by a photomultiplier
tube. The laser energy was fixed
at 30 mJ/pulse. The diameters
of the beams are (a) 25 and
(b) 8 mm, respectively
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Fig. 2 LIDAR collected 337 nm signals as function of the distance
for different sending telescope configurations. D indicates the distance
between the convex mirror (f = −50 cm) and the calculated geomet-
rical focus position. Inset: comparison between the measured fluores-
cence peak position (open triangles) and the calculated geometrical
focus (solid line: slope = 1)

mentation onset distance is rather short, which makes this
technique less attractive in remote sensing applications.

Another effective and reliable method discovered to en-
hance the signals was the merging of the multifilaments into
a geometrical focus [46]. It was found that, in a terawatt level
laser pulse, the unavoidable hot spots in the beam profile will
self-focus in air at a short distance. Such early self-focusing
can be overcome by using a telescope, which enlarges the
diameter of the beam, thus that of the hot spots. The tele-
scope is adjusted by varying the relative distance between
the divergent and convergent optical components so that its
effective focal length can therefore be much shorter than the
self-focusing distance of both the enlarged beam and the hot
spots, leading to multifilaments merging into the geomet-
rical focus, as shown in Fig. 2. Since in this experimental
scheme filamentation starts near the geometrical focus and
the beam size is small at this position, the more effective us-
age of the background energy in the small beam results in
consistent and strong nitrogen fluorescence signals. A simi-
lar experiment has also been performed in [47].

In addition, it is possible to control the filamentation in-
duced by femtosecond laser pulses using adaptive optics that
can modify the initial divergence of the laser pulse. It was
shown in [48] that a change of both the laser energy and the
beam divergence angle can precisely control the beginning
of filamentation. The collapse distance increases with the
beam divergence. In [49], a specially designed focusing tele-
scope to properly deliver the laser pulses over long distances
and generate powerful filaments was proposed. The tele-
scope includes a deformable mirror that corrects the wave-
front’s aberrations working in a closed loop system with
a wavefront sensor. This technique could be particularly
useful for propagation in a turbulent atmospheric condition
where the induced pulses’ distortions could be compensated

by the adaptive optic system. Using this configuration strong
nitrogen signal was generated at a distance as far as 90 m us-
ing 40 mJ laser pulses [49]. In [50], a simple method that can
generate longer filaments with higher ionization density in
air was introduced. By controlling the laser beam diameter
using an aperture, a significant increase in the fluorescence
signal (approximately by a factor of five depending on the
conditions) and an increased filament length was observed
by analyzing the backscattered N2 fluorescence collected by
a LIDAR. Theoretical 3D + time stochastic numerical sim-
ulations showed that the optimum aperture size corresponds
to the case where multiple filaments concentrate around the
propagation axis to interfere and form a regularized elon-
gated structure with higher overall amount of plasma.

In atmospheric remote sensing, it is of particular im-
portance to increase the signal-to-noise ratio. For the de-
tection of pollutants using the filamentation-induced flu-
orescence technique, a major noise source is the white
light laser [18] generated during the filamentation process
by self-phase modulation and self-steepening of the laser
pulses [51–57]. This white light spectrum can span from
the ultraviolet (UV) to the infrared (IR) (supercontinuum)
[53, 58–61]. Although the supercontinuum provides an op-
portunity for atmospheric analysis by detecting the white-
light absorption spectrum of pollutants [62, 63], for the
filamentation-induced fluorescence technique, the white
light may mask the fluorescence signals generated by the
pollutant being targeted. Therefore, there is always a ques-
tion whether the fluorescence from molecules can be distin-
guished from the backscattered supercontinuum. To answer
this question, we have shown experimentally the capability
of distinguishing the nitrogen fluorescence spectrum emitted
from inside the filament from the backscattered supercontin-
uum both spectrally and over a long range in atmospheric
air [64]. The spectral broadening of the supercontinuum
develops progressively along the self-induced plasma col-
umn in air. The broad backscattered supercontinuum be-
comes fully developed at the end of a long plasma column;
this is the result of the distance-cumulative effects of self-
phase modulation and self-steepening of the fundamental
laser pulse [53]. Still, the strong nitrogen fluorescence sig-
nals emitted in the backward direction from the beginning
of the plasma column can be clearly observed, as shown in
Fig. 3a. It can also be noted from the spectrum shown in
Fig. 3a that detecting the fluorescence signals in the visible
spectral range is difficult. However, as presented in [46], the
white light noise can be controlled by generating strong and
short filaments at a remote focus (c.f. Fig. 3b). Moreover, the
characteristic fluorescence of atmospheric pollutants usually
has a lifetime longer than that of nitrogen [30]. The pollu-
tant fluorescence can therefore be isolated from the back-
ground, such as the nitrogen fluorescence and the backscat-
tered supercontinuum, by temporal gating in the detection.
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Fig. 3 Intensity distribution of the backscattered signal from 250 to
600 nm as function of the distance and the wavelength. (a) Left: using
a collimated laser beam; (b) Right: using a focused beam by the tele-
scope with D = 45 m. The white dash ellipses highlight the resolved
nitrogen fluorescence

Fig. 4 Spectra of filament-induced lead plasma. The sample is located
at (a, c) 4.8 and (b) 2.8 m away from the focal lens (f = 5 m). The gate
widths are t = 2 µs (a, b and c) and the delay times are �t = −3 ns
(a and b) and �t = 20 ns (c), respectively. Note that t = 0 is the laser
arriving time on the target and the filament started at a distance around
2.5 m away from the focal lens

This technique considerably enhances the signal-to-noise
ratio for remote detection. For solid target detections, the
white light noise can be minimized by using the front part
of the filaments to interact with the sample, or by means of
a time-resolved measurement (Fig. 4) [65].

Moreover, in order to further increase the signal-to-noise
ratio, the plasma channel left behind in the filaments was
characterized in terms of the plasma density and the diame-
ter which reflects the signal strength. In [66], it was shown
using the calibrated side imaging technique that external fo-
cusing strongly influences the plasma density and the diame-
ter of femtosecond laser filaments generated in air. The mea-
surements of the filament showed that the average plasma
density increases from 1015 to 2 × 1018 cm−3 when the fo-
cal length decreases from 380 to 10 cm while the diameter of
the plasma column varies from 30 to 90 µm (the maximum
at 90 µm was obtained when f = 50 cm). For the free prop-
agating laser beam, an initial self-generated plasma density
of 4.5 × 1014 cm−3 and a laser intensity of 5 × 1013 W/cm2

inside the filament was obtained as well [66]. The femtosec-
ond filaments in air were also characterized by using the
Stark broadening analysis of the atomic oxygen fluorescence
emission [67]. The electron temperature inside the plasma
filament was determined to be ∼5800 K, which is relatively
low compared to that in a typical nanosecond laser induced
air plasma. In [65], the temperature and electron density of
the plasma ejected from a lead target produced by femtosec-
ond laser pulse filamentation in air were measured. An elec-
tron density of 8×1017 cm−3 and the plasma temperature of
6794 K were determined at a 20 ns time delay with respect to
the laser pulse arriving on the target. It was shown that the
continuum emission in the fluorescence spectra associated
mainly with the white light due to the filamentation in am-
bient air can be significantly reduced by moving the starting
point of the filament with respect to the target surface.

4 Detection of chemical and biological agents in air

Using the filament-induced nonlinear fluorescence tech-
nique we have remotely measured various types of sam-
ples mostly in the laboratory environment, namely, gases
(CH4, C2H2, and ethanol vapor) [68–70], biological agents
(powders of egg white and yeast, grain dusts of barley,
corn, and wheat) [71, 72], water aerosols containing multi-
ple solutes (NaCl, PbCl2, CuCl2, and FeCl2) [40, 73], smoke
(from burning mosquito coils in air) [74], metallic targets
(lead, copper, and aluminum) [65, 75, 76]. Collectively, they
demonstrate the feasibility that intense femtosecond laser
pulses could be applied to remote sensing of chemical and/or
biologic agents. In the following, we give some representa-
tive results of the above studies.

4.1 Molecules in the gas phase

We first started by sensing methane, an atmospheric green-
house gas, in a sealed cell [68]. Well-resolved backward
fluorescence from dissociated CH radicals measured from
a distance of a few meters was used to quantitatively ana-
lyze the concentration of CH4 and its remote detection limit
(Fig. 5 and the insets a–d). The estimation based on the ex-
perimental results shows that the concentration sensitivity
could be down to the ppm range in the laboratory, and the
detection range limit could extend up to the kilometer range
with the signal at the 3σ level, where σ is the standard de-
viation of the noise. The fluorescence spectrum of ethanol
vapor induced by the filamentation in air was also recorded
using a simple telescope system [70]. In this work, ethanol
was selected because it is not harmful for human health as
compared to most of the hydrocarbon molecules which are
toxic and unsuitable for open-air experiments in the labo-
ratory. Backward fluorescence emission of the ethanol con-
centration at 0.8% could be clearly observed at a distance
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Fig. 5 Filament-induced fluorescence spectrum of a mixture of CH4
and air with CH4 concentration of 2.6% (volume/volume). The insets
(a, b, and c) show the spectra in a higher resolution (top), the spec-
tra of pure air in atmospheric pressure (middle), and the subtraction
of the mixture and pure air spectra (bottom). The bands are (a) CH:
C2Σ+ − X2Π , (b) CH: B2Σ− − X2Π , and (c) CH: A2� − X2Π .

The inset (d) shows the extrapolation of the detection limit according
to the LIDAR equation (I = L/R2, where I is the signal intensity, L

is the effective filament length, and R is the distance between the end
of the filament and the detector). The detection limit is about 0.9 km
for the CH4 concentration of 5% and the filament length of 20 m

Fig. 6 Fluorescence signals (rectangular points) as function of
(a) C2H2 and (b) CH4 concentrations together with linear fits (solid
line). The insets show part of the filament-induced fluorescence spectra
of C2H2 (82 ppm) and CH4 (328 ppm). The CH at 431 nm and the C2

bands at 470 and 515 nm can be clearly observed. The 3σ (σ is the
standard deviation of the background noise level) detection sensitivi-
ties are 350 ppb and 2 ppm for C2H2 and CH4, respectively

of 30 meters. Simultaneous detection and identification of
methane and acetylene mixed with air at atmospheric pres-
sure were performed using filament-induced nonlinear spec-
troscopy [69]. The detection sensitivity is in the ppm–ppb
concentration range depending on the induced fluorescence
efficiency from the molecules (Fig. 6). In this work, a ge-
netic algorithm was used to identify the unknown spectra
with the premise that a spectral database including the spec-

tral signatures and the strengths of the signals of the corre-
sponding trace species is built. A good agreement between
calculation and experiment for the observed species was ob-
tained. Most recently, remote filament-induced fluorescence
spectroscopy was used to probe a cloud of smoke, which was
produced from burning mosquito coils located at a distance
of 25 m from the laser source and LIDAR detector [74]. CN,
CH, and C2 molecular fragments were identified in the sam-
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ple. It was demonstrated that the temporally gated measure-
ment can easily suppress spectral contaminations, such as
white light and atmospheric N2 fluorescence.

The measurements mentioned above were performed
only with a single near-infrared femtosecond laser, illustrat-
ing the possibility to induce characteristic fluorescence from
a large number of molecular species. These results open
the way to multiple species analysis in atmospheric sensing
by combining filament-induced nonlinear fluorescence with
suitable fluorescence collection systems.

4.2 Biological solid targets

For the detection of solid chemical–biological samples, the
remarkably distinct spectra of egg white and yeast powders
located 3.5 m away from the detection system was exper-
imentally shown in [71] by using time-resolved filament-
induced breakdown spectroscopy (FIBS) (Fig. 7). The same
fluorescence spectrum of yeast has also been obtained suc-
cessfully when the sample was located at a distance of 50 m
from the laser source as well as the detection system. In par-
ticular, by using this technique, the feasibility of remote de-
tection and differentiation of some very similar agriculture
related bioaerosols, namely barley, corn, and wheat grain
dusts, was also demonstrated (Fig. 8) [72]. The signals were
detected in LIDAR configuration. All the species showed
identical spectra, namely those from molecular C2 and CN
bands, as well as atomic Si, C, Mg, Al, Na, Ca, Mn, Fe, Sr,
and K lines. These identical spectral bands and lines reveal
similar chemical compositions; however, the relative inten-
sities of the spectra are different showing different element
abundances from these three biotargets. The intensity ratios
of different elemental lines were used to distinguish these
three samples.

4.3 Metallic targets

Filament-induced breakdown spectroscopy (FIBS) has also
been applied for detecting and identifying metallic targets

by Stelmaszczyk et al. [39]. Remote analysis of the cop-
per (Cu) and iron (Fe) targets has been demonstrated at dis-
tances up to 90 m. The fluorescence spectra of the Cu target
placed at a distance up to 180 m has also been presented
by the same group by using femtosecond and picosecond
laser pulses [77]. The advantage of FIBS for remote sens-
ing has been explored by us by measuring the temperature
and electron density of the plasma using the Stark broad-
ening analysis of a lead target [65]. We also demonstrated
that the usage of a simple telescope as sending optics could
greatly improve the performance of remote FIBS (R-FIBS)
of metallic targets [75]. In this case, because the filaments
are short, white light continuum inside R-FIBS spectrum is
negligible, realizing nongated R-FIBS, as shown in Fig. 9.
Since the filaments are strong, the resulting line emission is
impressively intense. The extrapolated detection limit of the
aluminum sample reaches a few kilometers in distance and a
few ppm in terms of minor element concentration when the
sample is located 50 m away from the detection system.

Moreover, we performed a recent experiment that demon-
strated the feasibility of R-FIBS of aluminum targets in an
open field in a polar environment [76]. Open air visibility
fluctuates with snowfall, atmospheric pressure, and relative
humidity. Outside temperature was as low as −20°C. Tem-
perature gradient from laser output to open field steps down
40°C. Under these conditions, fluorescence signals were de-
tected in a LIDAR configuration with the aluminum target
located at up to 60 m (Fig. 10). This experiment was per-
formed using the mobile femtosecond laser facility T&T
(Terawatt & Terahertz) of DRDC-Valcartier. Essentially,
compared to the experiment done in the laboratory (Fig. 9),
we still can distinguish the Mg impurity in the aluminum
even in such adverse weather conditions.

4.4 Water aerosols containing metallic salts

Finally, R-FIBS was used for probing a cloud of micro-
droplets in which table salt was dissolved [73]. These micro-
droplets are a good simulant for aerosols. We demonstrated
experimentally that R-FIBS can efficiently be used as a ppm

Fig. 7 Time-resolved
filament-induced breakdown
spectra obtained for (a) yeast
and (b) egg white with the
delays of t = 10 ns. The laser
pulse energy was 7 mJ and the
ICCD gate width was 500 ns
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Fig. 8 Time-resolved filament-induced breakdown spectra obtained
for the barley, corn, and wheat grain dusts with the delay of t = 60 ns
with respect to the laser pulse on the target (t = 0). The laser pulse

energy was 7 mJ and the ICCD gate width was 2 µs. The spectra are
normalized to Ca I line at 422.67 nm
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level sensing technique to remotely retrieve composition of
microdroplets in clouds located at a distance. The technique
has been successfully tested up to 70 m and, as revealed by
extrapolation, showed great potential for kilometer range ap-
plication. This technique is sensitive to the solvent as well.
Four hydrogen bands from the Balmer series were observed
in aqueous microdroplet cloud after H2O molecules were
exploded inside the filaments. Additionally, a cloud of aque-
ous aerosols containing a mixture of PbCl2, CuCl2, FeCl2,
and NaCl has also been detected using R-FIBS [40]. It was
found that fluorescence from all the metallic ions dissolved
could be observed (Fig. 11). Moreover, these spectrally nar-
row atomic transitions excited by the low-density plasma did
not show any signal overlap.

Fig. 9 Filament-induced breakdown spectrum taken for aluminum
sample located 50 m away. The laser pulse energy was 108 mJ, and
the ICCD gate width was 2 µs with a time delay of t = −33 ns with
respect to the laser pulse arriving time on the target (t = 0)

5 Summary

In this paper, we first discussed the physics underlying
the technical challenge of projecting filaments over long
distances. Experimental measurements of the filament-
induced characteristic fingerprint fluorescence of represen-
tative chemical and biological target examples followed.
These include gases, powders, smoke, water aerosols con-
taining multiple solutes, and metallic targets. Based on the
experimental evidence, we may conclude that clean fluores-
cence emission of many chemical and biological targets in-
duced by the filaments of powerful femtosecond laser pulses
in air can indeed be used as the spectral fingerprint to distin-
guish them inside the laboratory and, through extrapolation,
from a long distance of up to the kilometer range. A single
laser is sufficient to induce the characteristic fluorescence
for a large number of molecular species and the possibility
of observing many atmospheric constituents of interest is not
to be questioned anymore. This allows us to qualify the fem-
tosecond laser filamentation as an “ideal tool” for detection
and identification of atmospheric chemical and biological
agents/pollutants. This opens up a new way towards remote
detection of targets related to safety, security, and pollution
as well as global environmental monitoring, such as green
house gases.

The size of ultrafast laser sources is constantly shrink-
ing and thus, relatively compact femtosecond remote sens-
ing systems are possible for practical applications. However,
most of the experiments presented were performed in a lab-
oratory scale and remote sensing in the atmosphere lacks
long-distance outdoor tests. Moreover, in a view of the com-
plexity of biological matters and of fragmentary knowledge
of filamentation-induced fingerprint spectra of chemical and
biological agents, there are still many challenges ahead and
much effort is needed to confirm the precision and reliability
of this technique in the practical atmospheric measurements.

Fig. 10 (a) Outdoor field is in the center of the picture, operator and
target were located at 60 m from the garage door. On the left is our
minivan cargo and on the right is a warmed operator shelter. (b) Spec-
trum of Al target obtained in the winter field (Fig. 7a), where the

target was located at 32 m. The laser energy and pulse duration were
225 mJ/pulse and 2 ps, respectively. Temperature was −20°C with a
dew point at −22°C, and visibility was higher than nine miles
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Fig. 11 Typical R-FIBS spectrum (W) of a thin aerosol cloud having
a 95% transmission at a 632 nm wavelength and containing the listed
quantities of iron dichloride, lead dichloride, copper dichloride, and

sodium chloride. The regions referred to as A, B, and C in W are en-
larged for clarity. A corresponds to Cu I atomic lines, B corresponds to
Fe I and Pb I, and C corresponds to Na I
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