Filamentation nonlinear optics: a new frontier
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ABSTRACT

The filament core of a femtosecond laser pulse propagating in an optical medium has extra-ordinary quality for
exploitation that includes high quality tunable pulse generation from the UV to the THz. The peak intensity inside the
filament is also high enough to dissociate/ionize any molecules resulting in remarkably distinct spectra which can be use
for remote sensing of Chem-bio agent.

Keywords: Nonlinear optics, self-focusing, plasma, LIDAR, teledetection

1. INTRODUCTION

The physics of femtosecond laser filamentation is by now basically understood [1]. A new application in the self-
compression of the filamenting pulse into a few-cycle-pulse has emerged [2-4] and has attracted a lot of interest for the
generation of energetic pulses down to the single cycle regime [5, 6]. This is just one of the consequences of the self-
transformation of the laser pulse during filamentation. Another consequence is the self-transformation into a white light
laser pulse [7-9] whose spectral content spans from 230 nm to 4.5 um [10, 11]. In the first part of this work, we like to
show yet another consequence of filamentation; i.e. the filament core is very stable and is of high spatial quality. Proper
sampling of this core zone through nonlinear processes could result in very high quality outcome. The idea to sample the
filament core through nonlinear interaction is to avoid the participation of the reservoir [9, 12, 13]. Since the filament
core has a constant high intensity due to intensity clamping [14-16] and the intensity distribution inside the core is
naturally homogeneous due to a self-filtering process (see below), any nonlinear optical interaction that samples only the
core will end up with an efficient output (because of high intensity) whose fluctuation will be dramatically reduced (due
to intensity clamping) and whose spatial quality becomes extremely good (due to self-filtering). This is contrary to the
normal wisdom that any nonlinear interaction will result in a large fluctuation of the signal/outcome as compared to
linear interaction. We call this ‘filamentation nonlinear optics’.

Such filamentation can also be controlled, in principle, to occur at a distance as far as a few kilometers in the atmosphere
[1, 17]. Inside the filament, the peak intensity is clamped around 5x10" W/ecm? [1] and is high enough to
dissociate/ionize gas molecules, to explode fine particles (dusts and aerosols) and to induce ‘partial’ breakdown on solid
targets. The interaction of the strong field inside the filament in air with molecules would result in “clean” fluorescence
emissions practically free of plasma continuum. We further discovered that such ‘clean’ fluorescence is a general
phenomenon in the interaction of the strong field inside the filament and all targets ranging from gases, vapors, aerosols
to solids. Furthermore, such ‘clean’ fluorescence is unique from agent to agent; i.e. each agent will result in its own
fingerprint fluorescence.
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This paper gives a physical discussion of the above processes using air as the propagating medium. It is supported by
some experimental data on four-wave mixing inside the filament in air. It is applicable to other nonlinear processes in
other optical media such as writing waveguide in glasses since the physics of filamentation is essentially universal [1].
Its limitation is also discussed using third-harmonic generation in air as an example. We have also carried out
experiments for the remote generation of filament in the atmosphere and systematic experimental studies inside the
laboratory environment by measuring the characteristic fingerprint fluorescence of representative target examples.
Extrapolation of the laboratory results to remote targets using the LIDAR equation shows that it is feasible to remotely
detect all these agents in the range of kilometers. This opens up the door towards remote detection of targets related to
safety, security and pollution.

2. PHYSICS OF FILAMENTATION

Filamentation is the result of the slice-by-slice self-focusing process [18]. It starts with the strongest slice at the peak of
the pulse. When this slice self-focuses in air, its intensity increases continuously until it is high enough to generate a
weak plasma through tunnel ionization [19] of the air molecules. Because the index of refraction of the plasma is smaller
than unity, the focusing slice will diverge (be de-focused) out of the self-generated plasma. This balancing act between
self-focusing and self-defocusing results in a limited peak intensity at the self-focal zone. Successive slices at the front
part of the pulse will self-focus in the same way and will always end up with the same limited peak intensity because the
ionization processes at the high intensity zones of all slices are identical. We call this intensity clamping. The clamped
intensity is of the order of 5 x 10" W/cm? in air [14, 15]. The series of self-foci constitute what we call by a filament.
The slices at the back part of the pulse will always self-focus into the plasma left behind by the front part of the pulse
before the intensity reaches the clamped intensity. They will interact with the plasma and be de-focused outward
resulting eventually in self-steepening of the back part of the pulse [20]. The energy of all these diverging slices from the
front and back parts of the pulse constitutes the so-called reservoir [9, 12, 13]. The intensity and energy distribution of
the reservoir will not be homogeneous because there is a continuous exchange of energy between the reservoir and the
self-focal zone.

3. SELF-SPATIAL FILTERING

The above description pertains to the filamentation of an initially ideal pulse whose transverse intensity and fluence
distribution is Gaussian. However, in all real experimental cases, such an ideal pulse could never be obtained. The
imperfect transverse intensity and fluence distribution of a real pulse from any experiment is essentially the
superposition of the fundamental and other higher order spatial modes. Self-focusing effect will concentrate the
fundamental mode on the propagation axis and the higher-order modes occupy a larger cross-section similar to the
geometrical focusing of a laser beam composed of many modes. Figure 1 shows the numerically simulated normalized
intensity distribution across the diameter of an assumed CW beam propagating in air at two distances. The propagation is
described by the classic nonlinear wave equation:

2ik, Z—A +A A+2k;AnA=0 (D
z

where A4 represents the amplitude of the light field, &, denotes the wave number of the beam and An corresponds to the
optical Kerr effect induced nonlinear refractive index. The initial laser beam is Gaussian and has a diameter of 1 mm at
1/¢* level. Its power is three times the critical power for self-focusing. To demonstrate the self-filtering process during
self-focusing, ten randomly distributed perturbations are introduced into this smooth beam profile. Each perturbation is
200 pum in diameter, while its peak intensity is ten percent of the initial local intensity. Such an inhomogeneous intensity
distribution /(x, y = 0) (x = 0 and y = 0 is the coordinate of the center of the beam) at z = 0 cm is shown as thin line in
Fig. 2. The calculation is stopped at z = 32 c¢m, where the intensity has reached 5 x 10" W/cm?, being the clamped
intensity in air [14, 15]. The distribution /(x, y = 0) (thick line) after 32 cm propagation, is very smooth at the center
(core) while all the higher order modes diverge out and are several orders of magnitude lower than the central peak.
Figure 1 is a theoretical justification of the above idea that the filament core has a high quality intensity (and hence
fluence) distribution.
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At the self-focal zone, the high intensity of the fundamental mode will tunnel ionize [19] the air molecules resulting in a
weak plasma which defocuses the laser slice. Since tunnel ionization is a uni-molecular process and the plasma density is
low (about 10'® cm™ [21-23], three orders of magnitude lower than the density of air), very little energy of the laser is
consumed [18] and the resulting weak electron distribution will be homogeneous and would not disrupt the
homogeneous intensity and fluence distribution of the fundamental mode at the self-focal zone; i.e. the high quality
filament core is preserved. Hence, if the laser peak power of such a pulse was not too high so that multiple filaments
were not yet induced, at the self-focal region, the intensity and fluence distribution would correspond to those of the
fundamental mode. The plasma will defocus the higher order modes more than the fundamental is defocused. This is
similar to spatial filtering of long laser pulses using a relatively thick-wall glass conic pinhole of an appropriate diameter
at the focus of a lens with the large opening of the cone facing the lens. The fundamental mode will go through the
pinhole while the higher order spatial modes will be refracted away by the thick wall of the cone. The central part of this
beam (fundamental mode) can then be separated in the far-field from the higher order modes.
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Fig. 1. Simulated intensity distribution of an initially distorted pulse profile at two propagation distances in air. Thin line: z
=0 cm; thick line: z= 32 cm.

4. PHYSICAL VISUALIZATION

Consequently, during filamentation, at any position along the propagation axis, in the front part of the pulse, there is one
self-focal zone (core) having a constant peak, high, clamped intensity with a homogeneous spatial intensity and fluence
distribution corresponding to that of the fundamental spatial mode. This ‘high quality core’ is surrounded by a ‘low
quality reservoir’ whose intensity is not uniform across the entire reservoir zone. The core moves forward in the front
part of the pulse while the pulse propagates. The core conserves the same peak clamped intensity with always a
homogeneous intensity and fluence spatial distribution while the reservoir fluctuates in intensity in space and time
during propagation.

Thus, any linear interaction with this pulse will unavoidably end up with an output that is /inearly proportional to the
whole filamenting pulse (core plus reservoir). The /inear output conserves the quality of the mixture of the ‘good
quality’ core and the ‘bad quality’ reservoir. However, if one could sample only the core zone, the output would be very
good in quality. This could be achieved through nonlinear interaction with the pulse such as any parametric process.

4.1 Example 1

As a first example, we consider self-phase modulation in the high intensity core which is created always at the front part
of the pulse. Because the front part of the pulse always encounters the neutral medium during propagation, self-phase
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modulation would result in a symmetrical spectral broadening towards the red and blue sides of the pump wavelength.
Since self-phase modulation is a third order process, it essentially samples the core zone. The intensity/fluence
distribution of any color of such shifts should reflect the intensity distribution of the high quality core; i.e. each new
color should show a good mode pattern. However, since the back part of the pulse always interacts with the plasma left
behind by the front part, self-phase modulation inside the plasma and eventually self-steepening would give rise to
strong blue shifts whose intensities would not be stable because there is no stabilizing process such as intensity
clamping. Thus, the intensity/fluence distribution of the color at the blue side of the pump wavelength would not reflect
a good mode pattern. Fig. 2 shows the transverse fluence distributions (patterns) of three colors after the filamentation of
a 45 fs/5 mJ Ti-sapphire laser pulse in air taken at 30 m from the output of the laser system. Fig. 2a is the initial irregular
beam pattern at 800 nm. Fig. 2b shows the very good beam pattern at the red side (950 nm) of the pump. This latter is
due to pure self-phase modulation in the neutral that samples the filament core and hence reflects the good beam quality
of the filament core. Fig. 2¢ shows an example at the blue side (600nm). The bad beam quality is obvious.

Fig. 2. CCD camera recorded patterns at various wavelengths a) 800nm, b) 950nm and ¢) 600nm after propagation in air of a
800nm, 45 fs laser pulse.

4.2 Example 2

A second example is the output of four-wave mixing (4WM) inside a filament in air [23]. The experiment was
performed using a near-infrared (NIR) 800nm Ti-sapphire femtosecond laser pulse (45 fs, 2 mJ/pulse). It was focused
into air by long focal length lenses (= 0.8 m or 4 m) generating a filament. A second tunable infrared (IR) 1 to 2 pm
femtosecond laser pulse emitted from an optical parametric amplifier pumped by part of the NIR 800nm beam was
superposed concentrically with the NIR laser pulse and the temporal delay between the IR and the NIR laser pulses was
controlled by an optical delay line. Due to the strong non-linear interaction between the IR and NIR laser pulses during
their co-propagation, efficient third-order parametric effects occurred within the filament zone. The output frequency of
the generated pulse is determined by w,,,, = 2w,,, —®,, Where 4WM refers to four-wave mixing. Beyond the filament,

a dichroic mirror was used to suppress the pump pulses and transmitted the efficiently generated 4WM pulse.

The ultrashort 4WM pulses show a remarkable low energy fluctuation and possess an excellent mode quality [23].
Figure 3a shows the distorted NIR fluence distribution before the filament and Fig. 3b shows the exceptional beam
quality profile of the 4WM pulse generated through filamentation. The 4WM fluence distribution was smooth, centered
on the propagation axis and similar to a symmetric Gaussian profile. The parameters of the 4WM beam diffracting out of
the filament are very similar to those of a near diffraction limited Gaussian beam whose M’ value was measured to be
less than 1.01 while the initial quality factor of the NIR beam was M” =1.3. The excellent laser profile of the generated
4WM pulse is due to the spatial self-filtering process occurring in the filament. For laser pulses having power higher
than the critical power for self-focusing, the transverse profile of the beam evolves into a circularly symmetric high
constant (clamped) intensity zone surrounded by a noisy background of light (energy reservoir). Since the 4WM pulse is
mainly generated in the high intensity zone of the filament (i.e. sampling the filament core using nonlinear optics), the
4WM pulse acquires a profile similar to the intensity distribution of the filament core which is independent of the initial
NIR and IR beam profiles.
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Fig. 3. Examples of (a) distorted NIR fluence distribution used to generate the filament in air and (b) the far-field fluence
distribution of the generated 4WM pulse.

Figure 4 shows the temporal evolution of the measured laser pulse energies normalized to the mean energy for the NIR
(Fig. 4a), IR (Fig. 4b) and the generated 4WM pulses using NIR pump power lower and higher than the critical power
for self-focusing (Fig. 4c-d), respectively. The root-mean square (RMS) energy fluctuation of the input IR and NIR
pulses was 1.6% and 1.5%, respectively. In the perturbative limit, one would expect a minimum RMS energy fluctuation
for the generated 4WM pulse RMS,;,,, =2%x RMS,, + RMS,, =4.6% - This is indeed close to the measured value of

RMS,,,, =5.2% for a NIR pump power 10 times below the critical power for self-focusing in air (Fig. 4c). The

measured value was slightly higher than the estimated limit because of beam pointing wondering of both the NIR and IR
laser pulses. But, as we increased the NIR pump power above the critical power for self-focusing in air, we observed a
stabilization of the 4WM energy fluctuation (Fig. 4d) and measured a RMS fluctuation of pass =1.8%, which is 3

4WM, fil
times lower than the perturbative limit. The intensity/energy fluctuation of the reservoir of the NIR filament is similar to
that of the input NIR beam before filamentation because there is no saturation mechanism occurring in the reservoir. The
IR pulse did not undergo self-focusing and hence its fluctuation would remain the same during the whole interaction
process. Thus, the stabilization of the 4WM energy is due to the clamping of the laser intensity inside the filament core
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Fig. 4. Temporal evolution of energy per pulse normalized over the mean energy for (a) the IR seed, (b) the NIR pulse, (c)
the generated 4WM pulse for NIR pump power (Pyr) 10 times below the critical power for self-focusing (P,) in air
and (d) the generated 4WM pulse for pump power above the critical power for self-focusing in air (Pyr = 2.5P,). The
root mean square (RMS) energy fluctuations are indicated on the right-hand side.
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where the 4WM pulse is generated. As a consequence, even a large fluctuation of the initial NIR energy results in a
constant intensity inside the filament. We estimate the maximum intensity fluctuation of the 800nm NIR pulse inside the
filament from RMS = (RMS,,,, o RMS,,)/2=(1.8%—1.6%)/2 to be about 0.1% where the subscript ‘fil’ refers to

NIR, fil
filamentation. This corresponds to an indirect measurement of the stability of intensity clamping.

4.3 Condensed media

Since filamentation is a universal phenomenon in any optical medium, we should be able to sample the filament core in
condensed matters, for example. In fact, this is exactly the case in glass in which waveguides have been written [24-26].
Waveguide writing in glass based upon self-focusing and filamentation is a highly nonlinear process which depends on
multiphoton excitation of electrons from the valence to the conduction bands [27] following by inverse Bremsstrahlung
and some collisional ionization [9], melting [28] and re-solidification/densification [29]. Thus, it is only the filament
core where the intensity is high enough that has been sampled by the interaction. It is thus expected that the cross section
of the waveguide would be circular similar to the cross section of the fundamental mode. Indeed, the resulting
waveguide written longitudinally in fused silica using a 1 kHz repetition rate Ti-sapphire laser (45 fs, a few pJ per pulse
whose power is higher than the critical power for self-focusing) is shown in Fig. 5. The cross section of the waveguide is
circular in shape [26] testifying that the excellent beam quality of the filament core has been sampled.

1¥m MO 3

Fig. 5. Cross section of a single wave guide written in fused silica.

4.4 Third-harmonic generation: limitation due to phase mismatch

Depending on the particular nonlinear interaction inside the core, sometimes, it is not trivial to extract the nonlinear
optical signal generated inside the core without destroying partially its excellent quality. Third-harmonic generation is an
example. Recently, theoretical and experimental results have demonstrated that during Ti-sapphire femtosecond laser
filamentation in air an ultrashort third-harmonic (TH) pulse is generated forming a two-colored filament [30]. This two-
color filamentation effect is due to a nonlinear intensity-dependent phase-locking between the fundamental and the TH
pulses which could extend the phase-matching over longer propagation distance inside the filament. However, it is
known that the TH generated inside the filament destructively interferes with the TH generated after the filament. This is
the result of the Guoy phase shift in which the TH energy generated in the filament is given back to the pump [31]. The
linear wave-vector mismatch between the pump and the third-harmonic is much larger than that between the NIR, IR
and the 4WM pulse described above. Thus the distance to decouple the fundamental and the third-harmonic laser pulses
beyond the filament is critical for the measurement of the TH energy stability and TH beam profile inside the filament.
Since the laser intensity inside the filament core is above the damage threshold of the decoupling mirror, the surface
reflections from a pair of wedges set at large incidence angles were used to decrease the intensity of the laser pulses on
the surface and thereafter a dichroic mirror was used to suppress the fundamental laser pulse and transmit the TH beam
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as shown in Fig. 6a. The beam profile of the third harmonic generated in air was then measured using a CCD camera.
This experimental setup was scanned along the propagation axis and could cease the filamentation process if the first
wedge was positioned inside the filament zone.

The influence of the destructive interference occurring beyond the filament is clearly observed for the TH beam profile
when the fundamental and the TH pulses are decoupled at the end of the filament (Fig. 6b) or 30cm beyond the filament
(Fig. 6¢). The beam profile shown in Fig. 6b is smooth and almost circular while the TH beam profile in Figure 6¢
corresponds to a central spot surrounded by a complex ring structure. The evolution of the TH beam profile clearly
shows that the interaction between the fundamental and the TH pulses (energy being returned by the TH to the
fundamental) beyond the filament did occur and induced severe distortions of the TH pulse’s spatial quality. The
distortion is small at the beginning (Fig. 6b) and becomes more severe at longer distances from the filament’s end (Fig.
6¢).

a) NIR beam

NIR beam

TH beam

Lens F=100cm

Fig. 6. (a) Experimental setup for decoupling the fundamental and TH pulses. (W) wedge, (DM) dichroic mirror. Third
harmonic profiles taken by CCD camera at different positions of the dichroic mirror (b) inside the filament at z = 98cm
and (c) beyond the filament at z = 128cm.

The TH energy stability was measured by replacing the CCD camera in Fig. 6a by a calibrated photomultiplier tube. Fig.
7 shows the temporal evolution of the generated third-harmonic pulse energies normalized to the mean energy for a
position before the filament (Fig. 7a), inside the filament (Fig. 7b) and beyond the filament (Fig. 7c). The root-mean
square (RMS) energy fluctuation of the input NIR pulses was 1.5% and in the perturbative limit, one would expect a
minimum RMS energy fluctuation for the generated third-harmonic pulse to be RMS,,, =3x RMS,,, =4.5% - This

corresponds to the measured value of RMS,, =4.5% before the filament (Fig. 7a). However, when the decoupling

mirror was inside the filament zone, we observed a stabilization of the third-harmonic energy fluctuation (Fig. 7b) and

measured a value of RMS,, = 1.8%, which is 2.5 times lower than the perturbative limit. Beyond the filament, the TH
energy fluctuation increased to a value of RMS,, =3.7% due to the destructive interference with some TH generated

after the filament. The stabilization of the third-harmonic pulse energy inside the filament is again due to intensity
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Fig. 7. Temporal evolution of third harmonic energy per pulse normalized over the mean energy (a) before the filament at z
= 80cm, (b) inside the filament at z = 95cm and (c) beyond the filament at z = 110cm. The root mean square (RMS)
energy fluctuations are indicated on the right-hand side.

clamping. Considering the non-negligible interaction of the fundamental and TH pulses between the first wedge and the
decoupling mirror, we estimated that the maximum intensity fluctuation of the NIR pulse inside the filament
RMS, oy =(RMS,,, )/3=1.8%/3 was lower than 0.6%, which corroborates the measurement done for the 4AMW

generation.
4.5 Intrinsic limitations of self-stabilization

The above shows examples show examples of self-stabilization of the laser pulse energy inside the filament. However, it
is important to note that there are intrinsic limitations about the self-stabilization of the laser pulse parameters during the
filamentation. Recently, it has been observed that the filament diameter is not constant when the initial peak power
changes: the filament diameter increases as a function of the initial pump power because of the counterbalance between
the laser energy confined by the external focusing and the defocusing effect of the plasma [32, 33]. On the other hand, as
the pump power increases, the filament length increases: thus the spectral broadening is more pronounced [34] and the
pulse duration decreases [35]. In the previous sections we demonstrated that the filamentation can stabilize the energy of
the generated third-harmonic pulse, but if the filament diameter and the pulse duration are not stable when the initial
pump power changes, there is one question which needs to be answered: how can the filamentation stabilize the energy
of the laser pulse? The physical reason for the self-stabilization of the energy inside the filament core can be explained
by the theoretical model for the two-color filamentation in air described by the coupled equations given in equations (1-
3) of Ref. [30]. The propagation equations include geometrical focusing, diffraction, group-velocity dispersion, self-
focusing, plasma generation via multiphoton ionization and third-harmonic generation. For the numerical simulations we
have considered the propagation of a linearly polarized, collimated Gaussian input laser pulse with a central wavelength
at Ao = 807nm which is focused with a 100cm focal length lens in air at atmospheric pressure. We have used laser input
powers, Py, above the effective critical power, P, = ,13 /27; n,n, = 8GW needed for self-focusing in air [36] and an

initial beam radius of wy = 2mm (at 1/¢” of intensity). In order to verify the stability of the laser pulses in the numerical
simulations, we have performed a series of calculations, in which the initial pump parameters are varied. The initial
pump pulse duration, energy and peak power of 40fs, 680u] and 16GW, were used respectively, with a root-mean-
square fluctuation of 1.5%.

For an initially fixed pulse duration, the results of simulations in Fig. 8 show that the pulse durations of both the NIR and
TH pulses decrease as a function of the initial peak power while their beam diameters increase inside the filament. Thus,
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both the cross-section of the filament and the laser pulse duration are not stabilized during the filamentation as observed
previously. However, as shown in Fig. 8, these parameters are anticorrelated and their product ¢;¢ XT s which

corresponds in fact to the effective ‘volume’ of the laser pulse, is stable in Fig. 8c (for the pump pulse) and Fig. 8d (for
the TH pulse) for small variations of the initial NIR peak power. It is important to note that the effective diameter and
pulse duration of the fundamental pulse shown in Fig. 8a are affected by the noisy energy reservoir surrounding the
filament core. On the order hand, the third-harmonic pulse is generated inside the constant (clamped) high intensity zone
of the filament core. Thus, the effective diameter and pulse duration of the third-harmonic pulse, shown in Fig. 8b, are
not affected by this noisy energy reservoir. The RMS fluctuation of the product ¢32w x 7, 18 0.2% and, hence, lower than
the corresponding value of 0.9% in case of the pump pulse. Thus, the stabilization of the laser pulses energy inside the
filament core are the results of intensity clamping of the pump pulse and a constant ‘volume’ of the laser pulses due to
the dynamic equilibrium between the nonlinear intensity dependent Kerr effect and the defocusing effect of the low
density plasma. Nevertheless, from the statistical analysis of numerical simulations we observe that the pulse duration
fluctuation is not improved during the filamentation and becomes slightly higher than its initial value.
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Fig. 8. Numerical results of the FWHM pulse duration (7) and the FWHM diameter (¢ ) inside the filament at z=96cm for
(a) the pump pulse and (b) the third-harmonic pulse as a function of the initial pump peak power. The product 42 x ¢ _

(arb. units) for the fundamental pulse and the product ¢’ x, ~(arb. units) for the third-harmonic pulse are shown in

(c) and (d), respectively, as a function of the initial pump peak power.

5. REMOTE CONTROL OF FILAMENTATION

When a powerful femtosecond laser pulse propagates in air, the peak intensity inside the filament is limited to ~5x10"
W/em?® due to the phenomenon of intensity clamping. The latter arises because of the dynamic balance between Kerr
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self-focusing and defocusing of plasma produced by multiphoton/tunnel ionization of the air molecules. Such
filamentation can also be generated as far as a few kilometers in the atmosphere [17]. The method we propose below is
to utilize the high intensity inside the filaments to dissociate/ionize gas molecules, to explode dust particles and aerosols
or to induce partial breakdown on solid targets. However, the fluorescence radiation induced by the filamentation from a
collimated femtosecond laser beam fluctuates significantly on a shot-to-shot basis despite the rather stable laser pulse
energy. By fluctuation, we mean that the signal intensity distribution along the propagation path as well as the starting
point of the filamentation varied randomly [38]. The physical origin of these fluctuations in the fluorescence signal can
be attributed to a competition among multiple filaments, which can originate from inhomogeneous intensity distribution
in the transverse cross section of the pulse, due to either initial laser imperfection or previous propagation through any
non-homogeneous optical medium, ultimately leading to the formation of multiple filaments co-propagating in air.
Therefore, it is of particular importance to develop technology for stabilization and enhancement of the signals induced
by multiple filamentation and to understand the physics of filamentation for the formation and control of filamentation to
a designated distance.

We invented an effective and reliable method to merge the multi-filaments into its geometrical focus for signal
enhancement and also to master the filament location in air to a remote distance [39]. We found that in a practical
terawatt level laser pulse the unavoidable hot spots in the beam profile will self-focus in air at a short distance [38]. The
short distance cannot be changed significantly by only controlling the chirp or divergence. We overcome such early self-
focusing by using a telescope, which enlarges the diameter of the beam, thus that of the hot spots. The telescope’s
effective focal length is much shorter than the self-focusing distance of both the enlarged beam and the hot spots. Under
this condition, the resulting multi-filaments merge into the geometrical focus, which is adjustable by varying the relative
distance between the divergent and convergent optical components, as shown in Fig. 9. Since in our experimental
scheme filamentation starts near the geometrical focus and the beam size is small at this position, the more effective
usage of the background energy in the small beam results in consistent and strong fluorescence signals.

104 ,a)D =6.4m
m_l

19 Db)D=226m

Signal peak position (m)

14 ¢c)D=53.8m I

1] dyD=72m
Oim
054 €)D=91.7m “

0 20 40 60 80
Distance (m)

Signal (arb. units)
o

Fig. 9. Lidar collected 337 nm signals as function of the distance for different sending telescope configurations. D indicates the
distance between the sending telescope and the calculated geometrical focus position. Inset: comparison between the
measured fluorescence peak position (open triangles) and the calculated geometrical focus (solid line: slope = 1).

6. DETECTION OF CHEMICAL AND BIOLOGICAL AGENTS IN AIR

Based on the technology developed and the understanding of the filamentation physics [1, 23, 40, 41], we performed the
spectroscopic study of the interaction of the filaments with different targets including gases, vapors, solids and aerosols,
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in order to show the feasibility that intense femtosecond laser pulses could be applied to remote sensing of chem-bio
agents.

6.1. Molecules in the gas/vapor phase

In ref. [42], the fluorescence spectrum of ethanol vapor induced by the filamentation in air has been recorded as the
fingerprint of the molecules. Ethanol was selected because it is not harmful for human health when compared with most
of the hydrocarbon molecules which are toxic and unsuitable for open-air experiments in the laboratory. This is the first
observation of back-scattered fluorescence from the hydrocarbon pollutants from a significant laboratory scale distance
(30 m), but with a constant concentration of 6.8%. Therefore, in Ref. [43], we design a long vacuum tube (4.5 m) for
sensing greenhouse hydrocarbon gas methane. The reason for designing this long vacuum tube is to be able to
electronically gate out the scattered white light induced by the last window of the tube and to allow spectral
measurement over a reasonable period of time after the passage of the laser pulse. Backward fluorescence form
dissociated CH radicals is used to quantitatively analyze the concentration of CH4 and its remote detection limit (Fig.
10). The estimation based on the experimental results shows that the concentration sensitivity could be down to the ppm
range, and the detection range limit could extend up to kilometer range. The dissociation mechanism of CH, has been
discussed in Ref. [44]. Briefly, the intense laser field, at an intensity around or above 10" W/cm?, weakens the molecular
chemical bonds and causes polyatomic molecules to dissociate into small neutral fragments through the excitation of
super-excited states of the molecule. The tetrahedral methane molecule thus undergoes a stepwise disintegration. The
hydrogen atoms are individually cleaved from the CH, molecule resulting in the production of excited CH radicals,
which fluoresce.
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Fig.10. Filament-induced fluorescence spectrum of mixture of CH, and air with a CH; concentration of 2.6%
(volume/volume). The insets (a, b and c¢) show the spectra in a higher resolution (top), the spectra of pure air in
atmospheric pressure (middle), and the subtraction of the mixture and pure air spectra (bottom). The bands are (a) CH: C
2y* - X I, (b) CH: B 2% - X 211, and (c) CH: A A - X I The inset (d) shows the extrapolation of the detection limit
according to the LIDAR equation (I=L/R?, where I is the signal intensity, L the effective filament length and R the
distance between the end of the filament and the detector). The detection limit is about 0.9 km for the CH,4 concentration
of 5% and the filament length of 20 m.

6.2. Biological targets

For the detection of solid biological samples, we have experimentally shown the remarkably distinct spectra of egg white
and yeast powders using time-resolved filament-induced breakdown spectroscopy (FIBS) [45]. In particular, we
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demonstrated the feasibility of remote detection and differentiation of some very similar agriculture related bioaerosols,
namely barley, corn, and wheat grain dusts using this technique [46]. The signals were detected in LIDAR configuration.
All the species showed identical spectra, namely those from molecular C, 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 intensities of the spectra are different showing different element abundances from these three bio-
targets. The intensity ratios of different elemental lines were used to distinguish these three samples.

6.3. Water aerosols containing metallic salts

We have also demonstrated that the usage of a simple telescope as sending optics (see Ref. 39) could greatly improve the
performance of remote FIBS (R-FIBS) for probing a cloud of microdroplets where table salt has been dissolved [48].
These microdroplets are a good simulant for aerosols. We demonstrated experimentally in Figure 11 that R-FIBS can
efficiently be used as a ppm 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 application. This technique is sensitive to the solvent as well. Four hydrogen bands from
the Balmer series were observed in aqueous microdroplet cloud after H,O molecules were broken by the light filaments.
Additionally, a cloud of aqueous aerosols containing a mixture of PbCl,, CuCl,, FeCl, and NaCl has also been detected
using R-FIBS [49]. It was found that fluorescence from all the metallic ions dissolved can be observed (Fig. 11).
Moreover, these spectrally narrow atomic transitions excited by the low density plasma did not show any signal overlap.
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Fig. 11. Typical R-FIBS spectrum a) of a thin aerosol cloud with a 95 % transmission of the 632 nm wavelength containing the
listed quantities of iron dichloride, lead dichloride, copper dichloride and sodium chloride. The regions referred to as Cu I, Fe I
and Na | in a) are enlarged for clarity in b), ¢) and d), respectively.
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6.4. Metallic targets

Finally, R-FIBS was also used for metallic targets (lead, aluminum and copper) [47]. In this case, because the filaments
are short, white light continuum inside R-FIBS spectrum is negligible, realizing non-gated R-FIBS. And because 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.

7. CONCLUSION

In the first part of this manuscript we have demonstrated that a filamenting femtosecond laser pulse self-stabilizes the
energy inside the filament core due to intensity clamping and generates an excellent spatial beam quality inside the core
due to self-spatial-filtering. The high quality of these natural self-improvement processes (self-stabilization and self-
spatial-filtering) can be transferred to the outcome of numerous nonlinear optical interaction that can be induced
efficiently (because of the high clamped intensity) inside the filament in transparent media. Furthermore, the nonlinear
optical processes induced inside a filament (four-wave mixing, third-harmonic generation and other parametric processes
[1]) would generate a high intensity signal that is phase locked to the filament core [30]. Since the filament core self-
compresses into a few-cycle pulse, sampling this core by a nonlinear optical process would also generate few-cycle
signal pulses. It is thus feasible to generate inside the filament two or more co-propagating, overlapping (phase-locked)
few-cycle stable, high quality and high intensity pulses of different wavelengths.

In the case of remote filamentation of 800nm laser pulse and based on the experimental evidences, we observed “clean”
fluorescence emission of chem-bio agents induced by the filaments of powerful femtosecond laser pulses in air and can
indeed be used as the fingerprint to distinguish different chemical and biological agents. A single filamenting laser pulse
is sufficient to induce characteristic fluorescence from a large number of molecular species. The possibility of observing
many atmospheric constituents of interest is not to be questioned anymore. This allows us to extrapolate our claim that
femtosecond laser filamentation would be an ‘ideal tool’ for the detection and identification of almost all if not all
atmospheric chemical and biological agents/pollutants; i.e. one laser does all or almost.
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