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Abstract A method involving a closed loop adaptive optic
system is investigated as a tool to significantly enhance the
collected optical emissions, for remote sensing applications
involving ultrafast laser filamentation. The technique com-
bines beam expansion and geometrical focusing, assisted by
an adaptive optics system to correct the wavefront aberra-
tions. Targets, such as a gaseous mixture of air and hydrocar-
bons, solid lead and airborne clouds of contaminated aque-
ous aerosols, were remotely probed with filaments generated
at distances up to 118 m after the focusing beam expander.
The integrated backscattered signals collected by the detec-
tion system (15-28 m from the filaments) were increased up
to a factor of 7, for atmospheric N» and solid lead, when
the wavefronts were corrected by the adaptive optic system.
Moreover, an extrapolation based on a simplified version of
the LIDAR equation showed that the adaptive optic system
improved the detection distance for N, molecular fluores-
cence, from 45 m for uncorrected wavefronts to 125 m for
corrected.
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1 Introduction

In recent years, due to environmental issues such as global
warming [1] and air quality in industrial neighborhoods,
there has been an increasing interest towards the develop-
ment of new tools to control, monitor and quantify pollu-
tants’ species released by the different sources. Several laser
based methods including remote nanosecond laser-induced
breakdown spectroscopy (ns-LIBS) [2] and differential ab-
sorption LIDAR (DiAL) [3] have been tested.

Laser filamentation [4—8] resulting from the propagation
of intense ultrashort light pulses in air has been proposed
as a potentially useful remote sensing tool. In fact, simi-
lar to ns-LIBS [2], the high intensity inside the filament
core provides simultaneous detection of multiple compo-
nents present in the target [9, 10]. Moreover, due to the non-
linear behavior of the laser pulse during atmospheric propa-
gation, the technique is less affected by the diffraction limi-
tation. Indeed, filaments have been observed few kilometers
from the laser source [11].

In the atmosphere the filaments appear as a dynamic
equilibrium between Kerr self-focusing and defocussing by
the self-generated low-density plasma produced by multi-
photon/tunnel ionization of the air molecules [7]. Indeed,
for a non-uniform laser intensity distribution (Gaussian, for
example) with peak power higher than the critical power
for self-focusing [12], the Kerr effect will act as a lens that
will focus the light pulse until its intensity increases beyond
the medium’s ionization threshold. Once the plasma is suf-
ficiently dense to counteract the Kerr lens effect, the laser
pulse will start to defocus. The defocussing nature of the
plasma limits and stabilizes the light intensity in each of
the filaments. In air, the clamped intensity is approximately
5 x 103 W/em? [13, 14] and is sufficiently high to ionize
any atmospheric constituent or contaminant.
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Based on the success of this laser source for atmospheric
LIDAR [3, 15] remote sensing applications, Chin et al.
claimed in a recent review paper [10] that the high intensity
inside a filament core could be used to detect and identify
all chemical and biological sample placed on its path. As
examples, they mentioned that the technique was success-
ful to detect and identify, via spectroscopic methods, solid
metallic and biological targets, gas mixtures, contaminated
aqueous aerosol clouds and smoke clouds.

However, as the sensing distance (R) is increased, the
LIDAR equation [3] states that the returned signal collected
by the detector will be reduced, in ideal and fixed condi-
tions, by a factor 1/R2. Therefore, in order to amplify the
signal collected, the emissions have to be enhanced by ei-
ther increasing the initial pulse energy or the effective area
of the collecting optics. The second solution can result in
an expensive and bulky system. Increasing the pulse energy
would, theoretically with a perfectly Gaussian intensity pro-
file, lead to single filament elongation. However, high power
laser pulses emitted from an amplifier have relatively large
diameters to avoid any damage to the compressor’s grat-
ing and any inhomogeneities from the gain medium induced
small hot spots in the spatial beam profile. Thus, an increase
in the pulse energy will deteriorate the quality of the pulse’s
intensity spatial profile. Each hot zone will tend to self-focus
into a filament, competing for the pulse’s limited energy.
This phenomenon is known as multiple filamentation com-
petition [16]. Multiple filaments that result from such rela-
tively large diameter laser pulses will compete for the energy
inside the limited reservoir of the pulse leading to many low
plasma density structures inefficient for remote sensing pur-
poses. Hence, the development of techniques for efficient
control of filamentation at long distances is necessary for
remote applications.

Several methods of filamentation control using laser
pulses with many times the critical power in air have been
proposed [17-19], but since the scope of this paper aims
towards wavefront control, only the techniques involving
wavefront modifications will be discussed.

The simplest wavefront modification used to enhance the
plasma produced by filaments consists in using a converging
optic to focus the laser pulses [20]. For filaments produced
near the geometrical focus of a short focal length lens, the
generated plasma density inside the filament required to de-
focus the laser pulse will be enhanced to balance, similarly
to a lens combination effect, the added geometrical wave-
front curvature. Thus, as the focusing distance increases, the
filament’s plasma density decreases.

Such behavior is not appropriate for remote sensing ap-
plication. The technique proposed to counteract these ef-
fects combined beam expansion, which prevented early mul-
tiple filaments by increasing the self-focusing distance of
the wavefront’s hot zones, and geometrical focusing of the
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laser pulses at a remote location [21, 22]. Because of the
hot spots’ larger diameter, the created filaments were in-
duced near the geometrical focus and lead to the genera-
tion of a strong plasma at a localized position. In the case of
long distance focusing, which is normally associated with
a weaker wavefront curvature, the plasma enhancement is
not attributed to the increased plasma density induced by
the added wavefront curvature. The main advantage of geo-
metrical focusing, as opposed to free propagation, is that,
near the focal point, the confinement of the energy reservoir
allows for optimal energy feeding of larger and more pow-
erful multiple laser filaments which in turn provide a larger
quantity of ionized molecules or atoms.

Some methods also involved adaptive optic systems. In-
deed, based on an idea initially proposed by the Teramo-
bile [23], Jin et al. used a deformable mirror to delay the
onset of filaments by changing the initial divergence of the
laser pulses [24]. They demonstrated that the collapse po-
sition increased with the beam divergence. Recently, it has
been suggested that an adaptive optic (AO) system inserted
in a focusing beam expander could be used to adequately
deliver ultrashort pulses at a remote location to efficiently
generate strong filaments [25]. The deformable mirror used
was unimorph, had 16 actuators and a rest curvature of
—70 cm. Strong N> signals, detected with a photomultiplier
tube (PMT) based LIDAR, were collected from filaments
formed 75 m away from the focusing beam expander.

In this paper, we demonstrate that the filaments pro-
duced by a similar device (AO-focusing beam expander)
can be used for remote sensing applications to enhance the
backscattered signal collected by the detector. The technique
has been tested on multiple targets probed at a distance rang-
ing from 107 m to 118 m from the focusing beam expander.
The plasma emissions produced from the interaction of fil-
aments with gases (Air and Air + CHy), solid metallic tar-
gets (Pb) and contaminated airborne aqueous aerosols (NaCl
dissolved in H>O), was collected and identified using a spec-
trometer based LIDAR.

2 Experiment
2.1 Adaptive optic system (Night N (opt) [26])

The adaptive optics [27] consists of a flat, bimorph de-
formable mirror (DM) of 55 mm diameter (Fig. 1). Two
superposed piezoceramic crystals, which share a common
ground at the interface, are fixed under a glass substrate
whose other surface is coated for high reflectivity at 800 nm
at normal incidence. The DM’s maximal deformation is
characterized by a stroke of 40 um. The top piezo-disc,
which is activated by a circular electrode (E1) sandwiched
between the substrate and the disc, serves as curvature defor-
mation of the mirror. If the beam is properly centered on its
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Fig. 1 (a) Schematics of the deformable mirror’s construction.
(b) Disposition of the electrode pattern on the lower surface of the
deformable mirror

surface, it will only affect the general defocus of the beam.
The lower disc is subdivided into 31 actuators (E2-E32)
determined by an array of activation electrodes located at
the assembly’s bottom. These actuators will correct for gen-
eral wavefront aberrations measured by the wavefront sensor
(WES).

The wavefront sensing device used for this experiment
is of type Shack—Hartmann [27]. It consists of an array of
lenslets of the same focal length (size of array: 40 x 40,
diameterjepglet = 250 um, focaljepsier = 14 mm). A CMOS
detector chip is located at the focal plane of the lenslet ar-
ray. The local tilt of the wavefront across each lens can then
be calculated from the position of the focal spot on the sen-
sor. Any phase aberration can be approximated by a set of
discrete tilts. By sampling an array of lenslets which corre-
sponds to the beam area, all of these tilts can be measured
and used to reconstruct the wavefront phase distribution.

The two components work in a closed loop system which
automatically drives the DM’s actuators until the WFES ob-
serves a flat wavefront. This flat wavefront is associated to
a Shack-Hartmann reference pattern obtained from a colli-
mated light beam of wavelength and diameter close to the
operation conditions, uploaded in the software. Any local
phase shift is measured and calculated with respect to this
reference.

Before the automated correction is activated, the wave-
front response of each DM’s actuator associated to a spec-
ified voltage is measured and stored in the software. These
responses are then used by the closed loop system as basic
elements for the wavefront correction. Each time the align-
ment of the adaptive optic system is modified, this response
measurement has to be repeated. The closed loop correction
system is triggered at a 10 Hz repetition rate with the laser
pulses incident on the CMOS detector. The system’s maxi-
mal repetition rate is mainly limited by the wavefront mea-
surement, which takes approximately 33 ms, and the correc-
tion via the application of voltages to the electrodes, which
takes 17 ms. Therefore, the overall response time is 50 ms
which corresponds to a 20 Hz maximal repetition rate that is
twice that of the laser pulse train.

2.2 Focusing beam expander

The focusing beam expander used in the experiments is il-
lustrated in Fig. 2. It is composed of a convergent off-axis
parabolic mirror (PM) with a metallic coating and a diver-
gent dielectric spherical concave mirror (CM), mounted on a
translation stage, coated for high reflectivity at 800 nm. The
PM has a diameter of 15 cm and a focal length of 150 cm.
With fcm = —50 cm and collimated input and output, the
focusing beam expander has a magnification of 3x. The
output beam diameter, measured at e~2 of the maximum in-
tensity profile, is 6.3 cm. Strong aberrations induced by the
beam expander mirrors were observed in the output laser.

The closed loop adaptive optic system described earlier
was inserted in the focusing beam expander. The WFS was
located at the exit of the beam expander behing a reflective
wedge. It measured the wavefront of the partial transmis-
sion through the reflective wedge. The DM used to correct
the wavefront was placed before the convex mirror (CM).
Both CM and DM are mounted on a translation stage. A rel-
ative motion of CM with respect to PM will change the focal
length of the beam expander.

2.3 Experiment outline

For the remote sensing experiments, three different types of
targets were selected: gaseous (air, mixture of air and hydro-
carbons), solid lead and aqueous aerosols containing metal-
lic ions (droplet composed of HyO and NaCl). These targets
were positioned at various distances ranging from 107 m to
118 m away from PM.

The experimental setup is presented in Fig. 3. Short laser
pulses, emitted from a commercial Ti:Sapphire laser sys-
tem (Spectra-Physics), are directed to the focusing beam ex-
pander presented in Fig. 2 and then launched in a 30 m long
corridor. In order to provide significant propagation length
(~120 m), the laser beam was folded 3 times with coated di-
electric mirrors positioned at the corridor’s extremities. The
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Fig. 2 Schematics of the
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Fig. 3 Experimental setup for
remote sensing experiments
using the adaptive optic system.
Pulses were sent in a 30 m long
corridor that provided 120 m
long propagation (3 folds). The
signals were collected by a
LIDAR system
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focusing beam expander’s focal length was set to approxi-
mately 120 m. Initially, the WFS was positioned as shown
in Fig. 2. However, the reflections on the wedge’s surface
and, on the folding mirrors at the corridor’s ends, provided a
significant amount of distortion to the wavefront. In fact, the
surface quality of these reflectors was characterized with a
Zygo interferometer [28] and the average root-mean-square
(rms) deformation corresponded to 0.35 pum. These added
deformations (4 x rms = 1.4 pym) were not measured by the
WES located at the output of the beam expander and hence
were not corrected by the AO system. This added uncor-
rected deformation combined with the long propagation dis-
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tance deteriorated the focal volume and, even with the AO
system operating, no significant filamentation was observed
at the targets’ location. In order to correct part of these de-
formations, the WFS was positioned behind the dielectric
mirror located 60 m after the focusing beam expander. In a
real remote sensing application, it would be impossible to
put the WFES at this position, however, since the folding mir-
ror are major source of aberration and they will not be used
in a real application, we still believe that the following re-
sults demonstrate the application’s feasibility.

To characterize the wavefront’s aberrations, the WFS’
software computes the various Zernike polynomials. For
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each focal distance of the focusing beam expander, the mea-
sured wavefront curvature associated to the defocus Zernike
polynomial (Zg) was eliminated. This operation was carried
out, without altering the values corresponding to the other
Zernike polynomials, with a modification of the distance be-
tween the two WFS’ imaging optical elements. Therefore,
the wavefront curvature and the focusing beam expander’s
focal distance were not affected by the AO system’s cor-
rection. Moreover, the defocus actuator (E1 on Fig. 1a) is
not activated during the automatic correction; therefore, no
additional curvature is added. The uncorrected wavefronts
were mostly characterized with aberrations of type astig-
matism (1.3 pm/1.6 wavelength along the 0°-90° (Z%) and
0.3 um/0.4 wavelength along the +45° (Z, 2)). The other
Zernike polynomials, corresponding to the other type of
aberrations were negligible. When the wavefront correction
is activated, these Zernike values for astigmatism drop con-
siderably (30 nm/0.03 wavelength) and the measured wave-
front can be considered has being almost flat.

The signals were collected from the other end of the cor-
ridor (i.e. about 20-30 m from the filament zone) with a
25 cm diameter LIDAR mirror of 150 cm focal length and
focused onto a detector. In Fig. 3, a PMT tube covered by
a UGL1 filter [29], used as bandpass filter for atmospheric
N, fluorescence, allows for the characterization of the fil-
ament longitudinal plasma distribution. A dielectric mirror
with high reflectivity at 800 nm was used in front of the
UG11 to remove most of the scattered 800 nm laser light.
To ensure that only N» fluorescence is detected through-
out the measurement, the transmission curves, presented in
Fig. 4, for UG11 only (red) and the UG11/mirror assembly
(assembly) were measured using a commercial spectropho-
tometer. The addition of the dielectric mirror eliminates the
major part of the transmission band located between 675 to

Wavelength (nm)

830 nm, where a possible contamination of the supercon-
tinuum could have occurred. However, as we will see fur-
ther down the text, the supercontinuum generated using the
present configuration spans the spectral region between 760
to 840 nm (Fig. 8) where the measured transmission of the
UG 1/mirror assembly is very close to zero (1077).

For the other targets (inset of Fig. 3), the collected light
was focused onto a fiber bundle and delivered to a spectrom-
eter coupled to a gated intensified CCD (ICCD). The LIDAR
positioning at the 90 m position was forced by the 3-fold
propagation configuration.

3 Results
3.1 Beam patterns close to the focal distance

The beam’s intensity profiles, measured 120 m away from
the focusing beam expander (close to its geometrical fo-
cal position), are presented in Fig. 5 for (a) uncorrected
and (b) corrected wavefronts. A CCD camera covered by
a 800 nm bandpass filter was used to image the pulses scat-
tered by a white sheet of paper. Since the screen was close
to the focal area, filaments were avoided by using negatively
chirped pulses of 5 ps (durationTansform limited = 45 fs) with
and an energy of 25 mJ.

The elongated pattern in Fig. 5b indicates that there is
some uncorrected astigmatism. It is believed that most of
it was induced by the reflections on the mirrors located at
60 m and 90 m, which could not be compensated by the AO
system.

3.2 Remote sensing of N in air

The AO system was first tested to measure Ny emissions
from ambient air in the laboratory. The PMT based LIDAR
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Fig. 5 Beam Patterns measured
120 m after the focusing beam
expander for uncorrected and
corrected laser pulses without
self-focusing/filamentation

Uncorrected

‘."

Fig. 6 Backscattered N>
emissions signals measured,
with a PMT based lidar, for
uncorrected and corrected
wavefronts. The signal close to
118 m corresponds to the
supercontinuum scattered on the
beam dump

Uncorrected

Corrected

9% 98 100

configuration shown in Fig. 3, has been used to characterize
the plasma distribution of the formed filaments for the case
of uncorrected and corrected wavefronts. The pulse energy
was 70 mJ and the pulse duration was set to 3 ps, negatively
chirped.

Figure 6 presents, for (a) uncorrected and (b) corrected
wavefronts, 500 backscattered traces from individual laser
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shots. Each plot has for horizontal scale the distance from
the focusing beam expander, the vertical scale corresponds
to the number of the trace recorded and the color scale is the
N, signal intensity. This plot shows that both the amount
of signal produced by the filaments and the consistency of
filament generation are improved when the wavefront cor-
rection is applied.
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Fig. 7 The 500 traces presented

in Fig. 6 are summed and
presented as a single plot. The
integrated backscattered signal
is enhanced 7 times for
corrected wavefronts
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The two curves presented in Fig. 7 correspond to the sum
of the 500 traces shown in the previous Figure for the uncor-
rected and corrected wavefronts. The AO system improved
the overall integrated signal is enhanced 7 times. The shoul-
der observed on the corrected curve is attributed to a shot-to-
shot fluctuation of the correction applied by the AO system.
Indeed, it seems that some laser pulses, which could not be
corrected properly, collapsed at a shorter distance (~107 m).
The fact that the shoulder roughly corresponds to the uncor-
rected signal’s maximum position enforces this argumenta-
tion.

The PMT setup was replaced by the spectrometer/ICCD
assembly, as shown in Fig. 3, and the spectra of air were
taken. In order to get enough signals from the ICCD, the
pulse energy was increased to 85 mJ and its duration short-
ened to 2 ps, negatively chirped. The gated detector was
trigged 1 ns before the formation of the filaments and the
gate window was opened for 30 ns. The spectra in Fig. 8
are the result of 100 accumulated laser shots for the case of
(a) uncorrected and (b) corrected wavefronts. When the AO
system was turned off (Fig. 8a), only the fundamental pulse
scattered on the beam dump could be measured. This indi-
cates that the signal observed with the PMT in Fig. 6a is very
weak N, signals which could not be detected, because of its
lower detection efficiency (~70% that of the PMT/filters),
by the fiber/spectrometer/ICCD assembly. This reduced ef-
ficiency is mainly attributed to the spectrometer’s diffrac-
tion grating which separates the different spectral compo-
nents while the PMT/filters assembly integrates over the en-
tire spectrum. When the AO system was used, strong Nj
bands were observed. The previous results indicate that the
wavefront correction has a strong effect on remote sensing
of atmospheric gas samples.

112.5 115

105

Propagaticn distance (m)

3.3 Remote sensing of hydrocarbons in air

Three hydrocarbon gases, namely methane (CHy4), acetylene
(C2H3) and ethylene (CoHy), were tested. Each sample con-
sisted of a mixture of 2% of hydrocarbon gas balanced to at-
mospheric pressure with air. The mixture was then injected
into a 2 m long metallic tube with open ends which was
placed at the filaments’ zone (110 m after the focusing beam
expander). The middle part of the pipe had an exit which was
connected to the ventilation to ensure a continuous renewal
of the gas mixture. The energy of the laser was 85 mJ with a
pulse width of 2 ps negatively chirp. One after the other, the
gases mixtures were injected in the tube and the CH emis-
sions, resulting from the interaction with the filaments, were
recorded.

The spectra of pure air (red) and contaminated air (black)
are presented in Fig. 9 for (a) 2% C,Hj, (b) 2% C>Hy4 and
(c) three different concentrations of CH4. Because no sig-
nals could be obtained without wavefront correction, spec-
tra 8a-c were measured with an active AO system. At 2%
concentration, the CH band could be detected and identified
for all the tested gas mixtures and the strongest CH signal
was obtained in CoHj (Fig. 9a). As shown in Fig. 9c, three
different concentrations of methane mixtures were available
and tested. Even at the lowest available concentration, 0.5%
CHy in air, the CH emission band could be identified, and
an extrapolation of the integrated CH signal indicates that,
in these experimental conditions, the minimal concentration
of methane that could be measured, at this 20 m distance,
would be approximately 0.34%.

3.4 Lead

The gas tube was then replaced by a lead target mounted
on a rotating motor located 118 m after the focusing beam

@ Springer



708

J.-F. Daigle et al.

—— Air DM off

|

15000
10000
5000 -

Fluorescence Signal (arb. units)

5000 ———F———————————7——

300 400 500 600 700 800 900
a Wavelength (nm)
35000 - Fundamental pulse

Fluorescence Signal (arb. unlts)

30000 -
25000 |
JN,and N,*
20000 |
15000 -
1 2 order
10000
5000 J J
0—. ) ull —— " Mt

5004+ F——F———F———
300 400 500 600 700 800 900

b Wavelength (nm)

Fig. 8 Backscattered spectra measured with the spectrometer/ICCD
assembly, for a uncorrected and b corrected wavefronts

expander. The focal length of the device was adjusted to ob-
tain a strong filament interaction at the target’s location. The
sample’s rotation ensured that each oncoming laser pulse hit
on a fresh surface. In order to avoid signal degradation due
to surface deterioration, the sample’s surface was cleaned
with a sharp blade before each spectral measurement.

Filaments, formed from 80 mlJ/5 ps negatively chirped
laser pulses, interacted with the sample and the recorded
spectra are shown in Fig. 10 for uncorrected and corrected
wavefronts. The temporal gate was opened for 100 ns, trig-
gered 2 ns after the pulse interaction with the target. These
results show that, when the wavefront correction is ap-
plied, the integrated (350 to 575 nm) backscattered signal
increases by a factor 6.8. It demonstrates the efficiency of
the AO system to increase the backscattered emissions from
metallic targets.
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3.5 Aerosols

The last target used in this series of experiments consisted
of an aqueous aerosol cloud in which NaCl was dissolved at
a concentration of 5 gnac1/Lwater- Aerosols were generated
by a commercial ultrasonic humidifier (Sunbeam, Health at
home), which produces droplets of 10 um mean diameter,
and injected in a mobile aerosol chamber. The microdroplet
density is approximately 300 cm > [30]. An exhaustive de-
scription of the aerosol chamber has already been published
[30].

Filaments formed from the 80 mJ/5 ps negatively chirped
laser pulses interacted with the target located 110 m away
from the focusing beam expander. The backscattered sodium
emissions, measured with the spectrometer/ICCD assembly,
are presented in Fig. 11 for (a) uncorrected and (b) corrected
wavefronts.

In both scenarios, the sodium doublets were easily iden-
tified. As expected, the integrated (588.0 to 591.5 nm)
backscattered signal increased when corrected wavefronts
generated the filaments. In fact, the intensity at the core of a
grown filament in air is sufficiently high to explode the mi-
crodroplet and significantly contribute to enhance the emis-
sions [30].

However, this enhancement factor (2.3) is not as impor-
tant as the other targets, because the ionization mechanism
does not entirely rely on filamentation in air. In fact, the
aqueous aerosol cloud can be thought of as a cloud of micron
size and randomly distributed spherical lenses [31]. Each
small lens can focus the incident light to nanosized regions,
within the microdroplets, to produce a plasma and, finger-
print emissions. Indeed, when an ultrashort laser pulse meets
a microdroplet contaminated with NaCl, the light coupling
mechanism takes place and Na emissions are produced. As
a result, the signal is already strong for uncorrected wave-
fronts and any enhancement due to filaments formed from
the corrected wavefronts becomes limited.

4 Discussion
4.1 The effects of external focusing

Using geometrical optics and Rayleigh diffraction formal-
ism, it is possible to evaluate the maximal focal intensity
provided by laser pulses focused linearly with the focus-
ing beam expander. In this approximation, the effects of
self-focusing, group velocity dispersion and ionization are
neglected. Because of linear diffraction, the minimal focal
beam diameter (d) obtained from a focused Gaussian beam
is determined by the equation:

_ Ay

==L (1)
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Fig. 9 Filament emissions spectra of a pure air (red) and contami-
nated with 2% C,Hy (black). b pure air (red) and contaminated with
2% CyHy4 (black) and ¢ CHy in different concentrations of 0 to 2%.

where A corresponds to the pulse’s wavelength, f is the fo-
cal length and D the beam diameter at the optical element’s
output. Therefore, the focal diameter linearly increases with
the focal distance and is inversely proportional to the beam
diameter D. The back focal length (BFL) of the focusing
beam expander is determined using the following two lens
equation

L —

BFL = M )
L—-(fi— 1)

where f; = —50 cm is the focal length of the focusing

beam expander’s diverging element, f> = 150 cm is the fo-
cal length of its converging element and L is the distance
between the two elements. However, the focal length mod-
ification implies a relative displacement of the two optical

Integrated values of the CH cand between 428.84 to 432.41 nm are
used to characterize the hydrocarbon signal strength

components which makes D dependent on L and, inciden-
tally, on BFL. Based on basic trigonometric rules and the
knowledge of the beam’s diameter at the compressor’s out-
put (Djp =2 cm at e~ 2), we find that

D— Din(fz - L) (3)

P
Equations (1)—(3) can be used to determine the equation
which gives the maximal linear laser intensity at the focal
point (/ray) as a function of D and BFL:

47 P D?

=7 4
A2BFL2 @

Ray

where P is the initial pulse power. Figure 12 shows the cal-
culated focal intensity as a function of the focusing beam ex-

@ Springer
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60000 — —— Pb, DM off corrected wavefronts, is not directly caused by an increase of
] “Pb, DM on the laser intensity near the focal zone. It is rather attributed

Backscattered signal (a.u. units)

L

300 350 400 450 500 550 600 €50 700 750 800 850 900
Wavelength (nm)

Fig. 10 Typical lead spectra measured for uncorrected (black) and cor-
rected (red) laser pulses. The integrated lead signals increases by a fac-
tor 6.8 for corrected wavefronts

pander’s BFL for 80 mJ laser pulses with a chirped duration
of 5 ps. The plot demonstrates that with a perfectly focused
Gaussian beam, the maximal focal intensity drops below the
clamped intensity in air at 50 m, and that at 100 m it drops
below its ionization threshold (~10'3 W/cm?). Therefore,
beyond this distance, geometrical effects can no longer pro-
vide ionized air molecules.

A comparison with the patterns presented in Fig. 5 clearly
show that the Rayleigh limitation is not attained and that,
even when the system AO is active, the focused wave-
fronts contain a significant amount of aberrations. In fact,
it is possible to estimate the linear laser intensity at this
position by evaluating the focal area. For this calculation,
only the CCD pixels whose count number is higher than
e~ times the profile’s maximal pixel count are considered.
Based on these measurements and considering only linear
propagation, the focal intensity for 80 mJ/5 ps uncorrected
and corrected laser pulses is, respectively, 9.3 x 10'° and
1.96 x 10" W/cm? (indicated as dots in Fig. 12). There-
fore, the AO system has the possibility to increase the linear
intensity by a factor 2.

Nevertheless, these values are well below both the
Rayleigh intensity limit and the air molecules’ ionization
threshold which implies that all the gaseous (air, hydrocar-
bons) fluorescence signals presented arose from the interac-
tion with laser filaments. The geometrical effect provided by
the focusing beam expander is not only used to determine
the longitudinal positioning of the filaments. More impor-
tantly, it confines the pulse’s energy reservoir in a small vol-
ume, near the focal point, where an optimal feeding of the
laser filaments occurs by eliminating the effects of multi-
filaments’ competition [32]. Therefore, the enhanced flu-
orescence signal (factor ~7 in air), observed in the case of

@ Springer

to an increased number of filaments sustained by this intense
energy reservoir.

However, in the case of aqueous microdroplets and a
solid lead target, this argumentation cannot be applied. In-
deed, since these samples have lower ionization poten-
tials and higher medium density (owater & 103 Oairs PPb ~
10pwater), it is possible, via optical breakdown mechanisms,
to excite plasma emissions with pulses which do not form
filaments. It is therefore difficult to distinguish whether the
signal enhancement is attributed to an increased number of
filaments or to the increased focal intensity. Nevertheless,
the observation of white light generated through self phase
modulation, especially for corrected wavefronts, suggests
that filaments were formed before the laser pulse is incident
on the target and that their intensity was already stabilized to
the air clamped intensity of 5 x 10'> W/cm?. This enhanced
supercontinuum can be observed, for corrected wavefronts,
on Figs. 6b (scattered on the beam dump) and 11b (micro-
droplets’ multiple scattering). It is absent in the case of lead
because the detector’s temporal gate opens after the pulse is
incident on the target. The produced supercontinuum would
have masked the signal. Therefore, the enhanced signals of
lead and sodium are caused by intense filaments formed by
the wavefront corrected laser pulses.

4.2 Extrapolation of the air signal

In the current beam-folding configuration, N, fluorescence
excited by filaments generated 110 m after the focusing
beam expander was detected with a LIDAR located ~18 m
away from the filament zone. Therefore, an extrapolation
based on the LIDAR equation (3) has to be performed to
verify whether the produced signal is sufficiently intense to
be detected at a distance larger than 110 m. Assuming a per-
fect scenario where only the detection solid angle depen-
dence is influent, the collected signal will decrease as the
square of the distance (R) between the LIDAR and the fil-
aments (1/R?). The traces presented in Fig. 6 are used to
extrapolate for the N fluorescence signal collected at a dis-
tance of ~18 m for uncorrected and corrected wavefronts.
For this calculation, the peak signal intensity is extrapolated,
based on the R—2 relationship, until it reaches the detection
limit which corresponds to the maximum background sig-
nal (Fig. 7, 95-102 m) plus 3 times the background standard
deviation. The results are presented in Table 1. This sim-
ple calculation demonstrates that the signal produced by the
uncorrected wavefronts could be observed at a maximal dis-
tance of 32 m whereas the corrected ones could reach 125 m.
It corresponds to an increase by a factor 3.9.
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Fig. 11 Typical sodium spectra X 104
measured from aqueous aerosol 30— T
clouds with uncorrected and
corrected laser pulses. The 3l
integrated sodium emission
increases by a factor 2.3 for
corrected wavefronts 25
2 Na |
589.0 nm
1.5F 589.6 nm

T
Uncorrected wavefronts

Backscattered signal intensity (ICCD counts)

Corrected wavefronts

Supercontinuum
scattered on
microdroplets
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Fig. 12 Evaluation of the linear 15
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shown in Fig. 5
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5 Conclusions

In this paper, we demonstrated that a focusing beam ex-
pander assisted by an adaptive optic system could pro-
vide significant enhancement of the filament emissions in

200 250 300 350 400 450
Back focal length (m)

130 500
the case of remote sensing experiments involving filamen-
tation. Moreover, the technique proved to be efficient on
multiple targets under different phases: gaseous (Air and

Air + CHy), solid metallic (Pb) and contaminated airborne
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Table 1 Details of the extrapolation performed for the backscattered
traces presented in Fig. 7

Uncorrected Corrected
Peak signal (a.u.) 14.63 132.08
Peak signal distance from LIDAR (m) 16.8 19.3
Detection limit: mean + 34 (a.u.) 4.2 3.1
Maximum extrapolated distance (m) 32.1 125.3

aqueous aerosols (NaCl dissolved in H>O). In fact, all the
targets probed showed a significant increase of the collected
emissions when filaments were formed with wavefront cor-
rected laser pulses (up to a factor 7 for atmospheric Ny). We
demonstrated that this enhancement is not directly attributed
to the increased intensity at the focal zone. In fact, it is rather
attributed to the generation of an increased number of strong
filaments sustained by this intense energy reservoir. An ex-
trapolation based on the LIDAR equation showed that the
adaptive optic system improved the detection limit by a fac-
tor 3.9 when the extrapolated distance for N, signal passed
from 32 to 125 m, for uncorrected and corrected wavefronts
respectively. This quick calculation demonstrates, from an-
other point of view, how the presented system can signif-
icantly enhance the backscattered signal and the detection
distance, without increasing the pulses’ energy and the laser
cost.
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