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Abstract. Theoretical and experimental studies were per-
formed on the propagation of ultrashort optical terawatt
pulses through the atmosphere. Propagation simulations of
intense sub-picosecond pulses show that non-linear pro-
cesses, such as white light generation, can be initiated at
a chosen distance by selecting an appropriate group velocity
dispersion. With this technique, a white light continuum was
generated in the atmosphere whose spectral distribution was
characterised in the visible and near infra-red. Applications of
this novel light source for atmospheric remote sensing were
investigated, combining lidar and time-resolved broadband
absorption spectroscopy techniques. Measurements were per-
formed on the oxygen molecule and water vapour. A com-
parison between the experimental results and the tabulated
spectroscopic data led to an excellent correlation with meas-
urements made on water vapour whereas observations on the
oxygen showed discrepancy. This study demonstrates that the
remote generation of a white light source represents a new
way to access the range-resolved multi-trace gas analysis in
the atmosphere.

PACS: 42.68.-wt; 42.62.Fi; 42.65.Re

During the past decade, atmospheric monitoring using opti-
cal remote sensing techniques has led to an improved com-
prehension of physical and chemical processes in the atmo-
sphere. The lidar technique (light detection and ranging) [1],
as a range-resolved method applying a pulsed laser as light
source, has shown its ability to monitor trace gases and
aerosols from the ground level up to the stratosphere with
a high range resolution [2—7]. Long-path absorption methods
as range integrated methods, such as DOAS (differential op-
tical absorption spectrometer) in the UV and visible spectral
range [8—10] and FTIR (Fourier transform infra-red spec-
trometer) in the infra-red spectral region [11], allow a multi-
trace gas analysis, using the sun, moon or a spectral lamp
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as light source. Despite these improvements, a simultaneous
and range-resolved characterisation of the chemical and phys-
ical behaviour of atmospheric processes is required. This
concerns not only trace gases [12, 13], but also atmospheric
aerosols [14, 15].

The novel atmospheric monitoring method presented in
this paper makes a contribution to fulfilling this requirement.
This technique is based on the application of time-resolved
absorption spectroscopy to a pulsed broadband light source
in order to perform range-resolved multi-trace analyses sim-
ultaneously [16,17]. The novel element in this method is
the light source, which is a white light continuum or super-
continuum (SC). It is generated in the atmosphere using high
peak-power laser pulses with pulse duration in the fs time-
domain.

In the field of remote sensing, several studies have been
performed using ultrashort laser pulses. It has been demon-
strated that chirp laser pulses can be applied to elaborate
a high-resolution range finder [18]. Precursory laboratory
work [19,20] has reported that by probing liquid aerosol with
fs pulses, the third harmonic can be generated by the par-
ticles, which can be applied to sizing the aerosols. We have
previously demonstrated [21] that a SC can be generated in
the atmosphere using intense fs pre-chirped laser pulses. The
broadband light emission was spectrally characterised be-
tween 450 nm and 850 nm. Observation of the white light
continuum propagation through the atmosphere up to an alti-
tude of 12 km confirmed that the SC emission is not diffused
but has laser-like beam characteristics and also remains colli-
mated along its propagation path through the atmosphere.

The generation of a SC in gases with ultrashort pulses
operating in the gigawatt regime is a well-observed phe-
nomenon [22,23]. In recent experiments [24], applying the
state-of-the-art terawatt fs lasers, the production of intense
white light in air and the generation of stabilised light fila-
ments by the focused laser pulses have been observed. Those
filaments propagate over distances of ten metres or more and
together they form a bundle called a channel. Two scenar-
ios could actually explain this phenomenon: one is based
on the model of moving focus [25] and the other is related
to the balance between self-focusing, ionisation and diffrac-
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tion [26,27]. Observation of free charges in the channel re-
cently reported by Schillinger et al. [28] would support the
second explanation. A possible explanation of the SC for-
mation in normal dispersive media was proposed by several
authors [29,30]. They studied the changes in pulse shape
in the presence of a non-linear modification of the group
velocity dispersion (GVD). It was numerically and experi-
mentally found [31] that fs pulses split into several shorter
sub-pulses. This not only provides a mechanism to hinder
catastrophic self-focusing (by limiting the peak intensity), but
additionally, self-phase modulation of the sub-pulses leads to
a very strong spectral broadening.

1 Propagation of high-intensity optical pulses

The propagation of short and intense laser pulses in the
terawatt regime through the atmosphere is different from
the well-known and largely used nanosecond pulses [1,32].
Propagation effects due to the large spectral bandwidth of
ultra-short pulses (group velocity dispersion), the non-linear
effects related to the sub-ps time scale and the high in-
tensity have to be considered. Self-focusing and other non-
linear processes such as filament creation and SC gener-
ation occur (see Fig.3) when pulse intensity exceeds the
1010 W/ cm? [24, 25] threshold. Moreover, increase in the in-
tensity above 10'> W/cm? leads to a plasma formation.

To yield high intensities and to generate a white light con-
tinuum at selected distance away from the laser source, the
group velocity dispersion (GVD) change should be compen-
sated and the phase front distortion should be considered.
The group velocity dispersion describes the temporal (and
spectral) spread of a laser pulse when it propagates through
a dispersive medium. For fs pulses and propagation lengths
through air of the order of hundreds of metres, the laser peak
power may thus be affected by orders of magnitude. To the
lowest order, GVD causes a quadratic change in phase of the
light pulse, equivalent to a linear change in frequency along
the co-propagated reference frame. Such a linear chirp is usu-
ally included in the field amplitude function of the laser pulse
by a parameter 8. This parameter, and consequently the tem-
poral intensity of the pulses, changes linearly with path length
far away from the shortest pulse duration. With Aty,;, de-
noting the shortest pulse duration, the pulse length F that
changes along the path is:

41n(2)B(x, v)*
Al‘zmin

F(-xa v, Az‘min) = Atmin\/l + 5 (1)

where B(x, v) is the GVD at frequency centre v after the path-
length x. For a pulse with a Gaussian pulse shape, this is
in perfect analogy with the variation of the beam waist of
a Gaussian beam along its light path. The dispersive property
of the optical medium enters into 8 via the second derivative
of the refractive index n with respect to frequency:

xv 9

= — . 2
Bl = 2= 5n(v) )
Only for very short pulses and strongly dispersive media such
as liquids would one have to include higher chirp contribu-
tions (quadratic and cubic chirp, corresponding to cubic and

quadratic phase terms). However, this is not considered in this
study. Figure 1a shows simulation of pulse shortening effect
using (1) and (2), assuming that the laser pulse is launched
vertically into the atmosphere. In this case, we compute the
second derivative of the refractive index from its dispersion
according to the literature [33]. The altitude temperature de-
pendence of the refractive index was considered using a stan-
dard atmosphere [33]. Three different final pulse durations
at 5 km altitude were considered, 60, 120 and 240 fs, respec-
tively. The initial pulse duration at the position of the laser
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Fig. 1a—c. Simulation of intense laser pulse transmission through the atmo-
sphere. Three pulse durations were considered (full line: 60 fs, dashed line:
120 fs, dotted line: 240 fs). a Pulse duration shortening with path-length
due to the group velocity dispersion change. b Pulse intensity increase with
altitude, using the pulse duration change shown in a. ¢ Variation of the B-
integral with the path-length. The vertical distribution of the pulse intensity,
shown in b, is taken in consideration



source was retrieved by backward computation. Hence, this
simulation shows that it is possible to launch a short pulse
with an appropriate negative pre-chirp and initial pulse du-
ration, in such a way that it is compressed to its minimum
pulse length after travelling the desired distance. As arranged
in the experimental setup (Fig. 2), in chirped pulse amplifica-
tion (CPA) laser systems the initial amount of linear chirp can
easily be aligned via the distance of the optical compressor
gratings.

The advantage of this pre-chirping technique is that the
achievement of the desired intensity to initiate non-linear
effects, such as self-focusing and continuum generation at
a position distant from the laser source, does not require the
launch of an intense pulse. This is well shown in Fig. 1b.
To generate a field intensity of 5 x 10! Wem™2 at 5 km alti-
tude, an initial pulse intensity of less than a tenth of the final
intensity is required, provided that the pulse is adequately
pre-chirped.

When the fs pulse is propagating through the atmosphere,
a wave-front distortion is induced. To estimate this effect, the
B-integral is introduced as the widely accepted measure:

B:/Z%nzl(x)dx, 3)

where A is the emitted wavelength, n, the non-linear refrac-
tive index and /(x) the pulse intensity at distance x (for air,
1y =5.6x10"Y ecm=2 W2 [34]). Computation of the path-
length dependence of this integral is presented in Fig. lc.
Three pulses with the same 100 GW peak power and dif-
ferent pulse durations (60, 120 and 240 fs) were evaluated.
A surface area of 1200 cm? (40 cm diameter) for the send-
ing optics was assumed. The results in Fig. 1c show that the
shortest pulse with the smallest phase front distortion reaches
a B value of 9 at an altitude of 5 km. A value for B of less
than 10 is required to initiate non-linear processes. With B-
values above this threshold, the pulse can be considered as
highly distorted and consequently non-linear processes would
be annihilated.

As a summary of Fig. 1, application of a convenient
laser pulse results in a time focusing in height (small waist,
Fig. 1a), in a reduction of non-linear effects at undesired pos-
ition (lower intensity, Fig. 1b) and in reduced pulse front dis-
tortions (smaller B-integral, Fig. 1c).

2 Experimental

The set-up of the broadband white light lidar experiment is
displayed in Fig. 2. On the emitter side, it consists of a table-
top terawatt fs laser system, a pulse compressor and a beam
steering optics. The laser system is based on titanium-doped
sapphire as the amplifying medium and employs CPA tech-
nique. The laser operates at 790 nm with a maximum out-
put pulse energy of 220mlJ at a repetition rate of 10 Hz.
The final pulse duration is adjustable according to the dis-
tance between the compressor gratings and amounts to 100 fs
(FWHM) at optimum alignment. The pulse duration was
measured with different second and third autocorrelators and
frequency-resolved optical gating (FROG) techniques. The
spectral width of the pulse was 11 nm. Longer pulse dura-
tions with a linear change of wavelength in time, a so-called
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Fig. 2. Experimental set-up of the broadband white light lidar. The geom-
etry of the light detection is presented along the laser beam where zg is the
altitude of the SC generation, zq the altitude of signal recording using the
gated OMA and adjustable, zg the distance on which the signal is averaged
by the OMA

positive or negative linear chirp, have been introduced by the
compressor alignment to compensate for the spread of ultra-
short pulses by group velocity dispersion in optical media
such as lenses or air.

Pulses of 2.2 TW peak power (for optimum compressor
alignment) were guided out of the laboratory and sent verti-
cally into the sky. The pulses were either slightly focused with
a positive lens (f = 30 m), or they were not focused at all.

On the receiver side, the white light continuum backscat-
tered from the atmosphere was collected with a 40-cm-
diameter f/3 telescope in a bistatic configuration and focused
into a 1-mm transmitting fibre bundle. The received light was
simultaneously spectrally and temporally resolved using an
imaging spectrometer coupled to a time-gated optical multi-
channel analyser (OMA) (Scientific Instrument), whereby the
spectral range of the measurement lay between 250 nm and
850 nm (the cut-off wavelength at 850 nm is related to the
quantum efficiency of the S20 photocathode-based OMA-
image intensifier). The OMA was based on a diode array with
a 30-pm pixel width and a read-out noise of 20 e~ /pixel. The
diode signal was converted to digital figures within a 14 bits
dynamic range.

The gated OMA detector system recorded and integrated
the return signal at an adjustable time delay #,4 after the start
of the laser pulse which set the range of the measurement z4.
The integration time interval t; was adjustable from 1.5 s
to 15 s and it determines the range resolution zg, which lay
between 100 m and 1 km. Regarding the measurement geom-
etry depicted in Fig. 2, the range-resolved signal N(zq4, A) (in
units of photon per second) detected within the range interval
(zd, za+zg) at the wavelength A is given by:

N(z4, A) = Ny (zse, M)n(2) Ao

Zd+zg N z z
x / a QZ)GXP _/0‘()" Z*)dZ*—/Ot()»,Z*)dz* dz,
Z
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where zq = ctq/2, zg = cty/2 (factor of two due to the back
and forth propagation of the light), Ny (zs,A) represents
the photon emission rate of the SC generated at the range
Zse, (A) the spectral transmission of the receiver, A the tele-
scope surface, f(z, A) the volume backscattering coefficient
(in unit of cm~!str™!) at the range z which consists of the
molecular Rayleigh part and the aerosol Mie part. The ex-
ponential term describes the atmospheric transmission and
follows Lambert—Beer’s law, where «(z*, 1) is the total vol-
ume attenuation coefficient (in unit of cm™!) at the range
z*. This represents the sum of the molecular Rayleigh and
aerosols Mie extinction coefficients and the absorption coeffi-
cients of the atmospheric traces at the wavelength A. Equation
(4) presents the linear lidar equation [40]. Its application,
describing the SC light backscattered from the atmosphere,
assumes that the laser emission does not generate other non-
linear processes after the SC generation and that non-elastic
scattering like Raman scattering is not detectable by the de-
tector used in the experiment.

3 Atmospheric investigations

In this section, we present experimental results on the SC gen-
eration in the atmosphere and on its application for remote
sensing of atmospheric compounds. The study was focused
on the SC spectral distribution and on its absorption by the
atmosphere.

The numerical simulations presented in Sect. 1 have
shown that a SC can be generated in the atmosphere at a cho-
sen distance away from the laser source. To characterise this
phenomenon, the experiment depicted in Fig. 2 has been set
up with a few changes. Behind the sending mirror, the beam
was focused with a 30 m positive lens in order to increase
the efficiency of the self-focusing and the white light chan-
nel formation. Hereby, the SC was generated at just a few
ten metres into the atmosphere. This also provided a syn-
optic control of the SC generation. On the receiver part,
the telescope was pointed in the direction of the SC gen-
eration area to collect the main part of the light scattered
from the channel. The OMA was coupled to a low-resolution
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Fig. 3. Spectra of the atmospheric white light continuum. The traces (a) and
(b) depict spectra which were measured for two different pre-chirp settings
of the fundamental laser emission

0.25 m imaging spectrometer whereby time-integrated spec-
troscopy was performed on the SC. Results are shown in
Fig. 3; the spectra show a peak at 790 nm with a spectral
width (FWHM) of 20 nm which represents the laser emission
(broadened by self-phase modulation), whereas the wings on
both sides of the peak characterise the SC. The intensity dif-
ference between the two curves results from the different
initial pre-chirp settings of the laser pulse. Curve (a) describes
the best setting, i.e. the largest signal scattered from the SC.
The second broadened peak observed at 750 nm in this curve
is related to the self-phase modulation process during the SC
generation.

To demonstrate the ability of the method presented, we
focus our study on the H,O and O, molecules because their
concentration and absorption spectra are well known. For this
purpose, the laser beam was launched in the atmosphere with-
out using the focusing optics (see Fig. 2). Provided that the
laser pulses are adequately pre-chirped, the SC could be gen-
erated at an altitude of 150 m. Similar to a standard lidar
set-up, the telescope was aligned almost parallel to the beam
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Fig. 4. Range-resolved atmospheric transmission spectra on November 13, 1997 retrieved from the measurements of the SC backscattered from the atmo-
sphere. The delay between each acquired spectrum is 10 min. Different altitudes z4 and different signal-integration ranges were considered for the different
spectral intervals (zq is related to the time delay 74 of the gated detector as described in (4)). Trace (a): zqg = 550 m, integration range: 550—1050 m. Trace
(b): zqg = 150 m, integration range: 150—1050 m. Trace (c): zg = 600 m, integration range: 600—850 m, Trace (d): zq = 550 m, integration range: 550—1100 m



providing a correct overlap between the field of view of the
receiving optics and the laser beam. The OMA was coupled
to a 0.5-m imaging spectrometer with a spectral resolution of
1 ecm™! (60 pm). Time-resolved spectroscopy using the OMA
in its gating modus was performed on the SC backscattered
from the atmosphere. The efficiency of this method strongly
depends on the spectral energy density of the light source
and because we performed time-resolved measurements on
the SC backscattering, this is more demanding than the pre-
viously used time- or range-integrated method. The intensity
fluctuations in time of the light source can also limit effi-
ciency, but simultaneous recording of the extended spectral
range overcomes this limitation.

The retrieved atmospheric transmission in the 680 —
850 nm spectral range is presented in Fig. 4. Only the spec-
tral regions showing absorption features are presented in
this graph. The spectra were recorded at different times
due to the limited operating spectral range of the detector
(12 nm simultaneously). Moreover, to optimise the signal-to-
noise ratio, the spectra were acquired for different altitudes
and different integration ranges of the signal. The observed
transmission decrease is related to the absorption of the at-
mospheric constituents on a optical path-length defined by
the difference between twice the distance from the ground
level to the considered altitude and the SC generation area
height (150 m). These observations demonstrate, for the first
time, that the amplitude of the SC spectral energy density is
high enough to observe range-resolved absorption signatures
of atmospheric compounds. In Fig. 4, the two ro-vibrational
absorption bands of the O, electronic b! ¥, < X3 X, tran-
sition are well characterised: the v = 1 < v = 0 (spectrum
a) and the v = 0 < v” = 0 (spectrum c¢) in the 684—693 nm
and 758-770 nm spectral range, respectively. The spectra (b)
and (d) show the signature of the rotational absorption tran-
sitions of the H,O vibrational overtone bands. These spectra
are displayed in more detail in Fig. 5a,b. In Fig. 5c a com-
parison between the measured transmission spectrum and
a line-by-line calculation using Hitran [35] spectroscopic data
is shown. There, a Voigt function was considered for the ab-
sorption line shape. Obviously, the spectrometer does not
resolve the narrow transition lines (10 pm) and, as expected,
all observed absorption peaks could be attributed to water
vapour absorption transitions.

To retrieve the water vapour content in the atmosphere
from the measurements, a fit of the calculated absorption
spectra was made on the observations using (4). The calcu-
lated spectrum was smoothed to the spectrometer resolution
after applying Lambert—Beer’s law. The water vapour mix-
ing ratio retrieved from the spectra 5a and 5b was 0.6%. This
represents a plausible mixing ratio value for the water content
into the planetary boundary layer and it agrees with the hu-
midity recorded at ground level with a standard hygrometer.
Unfortunately, simultaneously radio-sounding measurements
were not accessible to confirm this result. The estimated accu-
racy of the H,O mixing ratio is 15% and it is mainly restricted
by the determination of the SC generation height which con-
tributes to the absorption path-length (see (4)).

The transmission spectra showing the O, absorption tran-
sition are depicted in more detail in Fig. 6. The observed
difference between the absorption magnitude of the two spec-
tra results from the smaller absorption cross-section of the
v/ =1 transitions compared to that one of the v = 0 level
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Fig. Sa—c. High-resolution spectra of the range-resolved atmospheric
transmission showing the ro-vibrational H,O absorption transitions.
a 000 — 301 transitions in the 725 nm band, (z4 = 150 m, integration range:
150-1050 mm). b 000 — 211 and 000 — 310 transitions in the 830 nm
band, (zq =550 m, integration range: 550—1050 m). ¢ Spectral expansion
around 830 nm with the line-by-line calculation using the Hitran database
(thin line). For more clarity, the amplitudes of the calculated transmission
are arbitrary

(at the maximum of the P-branch of the spectrum, o =
2.9 x 1072 cm? for v/ = 1 transitions and 0 =4 x 10723 cm?
for v' = 0 transitions). The absorption features shown in spec-
trum (6a) at wavelengths below 687 nm should not be at-
tributed to noise but represent weak H,O absorption transi-
tions, whereby an absorption of less then 1% can be deduced.
This absorption detection limit is related to the low perform-
ance of the detector based on a diode array (20% max. QE
at 400 nm, 20 e~ /pixel read-out noise, and 14 bits A/D con-
verter dynamics), to the inverse square range dependence of
the acquired signal (1/z?) and basically to the low backscat-
tering coefficient of the atmosphere (about 10~8 cm~! str~! at
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680 nm). This also affects the maximum range of the meas-
urements, which reaches an altitude of 1 km.

O, absorption spectra were simulated using the same ap-
proach as for H,O spectra. The comparison between line-by-
line calculation and the observations is presented in Fig. 6¢
and it shows the narrow O, absorption lines of 0.1 cm™'
which are not completely resolved by the measurements. The
weak transitions between the line-doublets can not be easily
identified. They could characterise the minor 080 iso-
tope or non-tabulated atmospheric compounds in this spectral
range.

To evaluate the atmospheric O, mixing ratio, the pre-
viously outlined fit procedure was applied to the measured
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Fig. 6a—c. High-resolution spectra of the range-resolved atmospheric
transmission, showing the ro-vibrational molecular Oxygen absorption
transitions from the X3Zg ground state to the excited state b12+g.
a v"=0 — v/=1 transitions (zgq=550 m, integration range: 550—1050 m).
b v"=0 — v'=0 transitions (zg=600 m, integration range: 600—850 m).
¢ Spectral expansion around 764 nm with the line-by-line calculation using
the Hitran database (thin line). For more clarity, the amplitudes of the
calculated transmission are arbitrary

transmission spectrum presented in Fig. 6b. The result leads
to a strong discrepancy: fitting the large transitions (trans-
mission < 0.8), a mixing ratio of 13% could be retrieved,
whereas a 21% mixing ratio could be deduced applying the
same procedure on the weak transitions (transmission > 0.8)
as shown in Fig. 7.

The observations rely on a large optical depth (about 60
at the maximum of the absorption band for a path-length of
1200 m) and an incomplete spectral resolution. These phys-
ical and experimental conditions could lead to a classical
interpretation of the observed deviation of Lambert—Beer’s
absorption law where the saturation of the absorption lines
can be the apparent reason [36]. The calculation of the
light intensity saturation /s at the maximum of the O, absorp-
tion band using the classical model [38,39], shows that the
value reaches 4 x 10'> W/cm? which is even higher than
the 10" W/cm? intensity of the fundamental laser emis-
sion. (Iy = hv/20t, where v is the frequency, o the absorp-
tion cross-section at v, and t the lifetime of the excited
state [39].) An inappropriate concentration evaluation proced-
ure is also not the cause of this discrepancy. To be tested, the
fit-procedure was applied to measurements performed in the
same spectral region on the sun-light atmospheric transmis-
sion using the same experimental arrangement for the detec-
tor. Even for strong O, transitions, the effective atmospheric
optical depth could be correctly deduced [37].

Other aspects of the laser spectroscopy could explain
this discrepancy but complementary observations and theor-
etical investigations are needed to give a reliable explana-
tion: one of them is the transparency phenomenon induced
by ultrashort laser pulses propagation in a strong absorbing
medium [40]. However, it requires a SC pulse duration shorter
than the lifetime of 300 ps of the O, excited state [35], which
was never observed for SC generation in air. Another phe-
nomenon is the two-photon absorption process [38] which
could efficiently arise according to the transition rules of the

1,0

0,8 -

0,6 |

04 -

C | | | | | | ]
762 763 764 765 766 767 768 769

Wavelength [nm]

Fig. 7. Comparison between the measured (full line) and the fitted (thin line)
atmospheric transmission spectrum in the O, absorption band. A 21% mix-
ing ratio of O, was considered to fit the absorption lines. The measurements
were ranged at an altitude zq of 600 m and were integrated between 600 m
and 850 m, giving a range resolution of 250 m
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Fig. 8. Vertical profile of the atmospheric transmission spectra in the O;
absorption band, ranged between 300 and 900 m with a 250 m range reso-
lution. The different altitudes indicated in the figure are given by the time
delay #4 of the gated detector (see (4))

0, b' X+, « X3 %, transition. Characterisation of the SC in
the infra-red spectral region could confirm this fact.

The first demonstration of the ability of this technique
to monitor the range-resolved transmission profile of atmo-
sphere is shown in Fig. 8. The spectra relate the atmospheric
transmission in the O, absorption spectral region between the
ground level and the considered altitude. The transmission
spectrum obtained for the altitude of 900 m displays a per-
turbed structure resulting from the degradation of the signal-
to-noise ratio.

4 Discussion
In this study, the observations of atmospheric compounds

were based on the time-resolved backscattering measure-
ments of the SC propagating through the atmosphere. Be-

579

cause the time resolution #, of the signal acquisition gives
the range resolution of the measurements (z; = cty/2), the al-
titude z,. of the SC generation (see Fig. 2) is not the most
significant factor and can be near the ground level. How-
ever, the advantage in generating the SC at a higher alti-
tude could be justified by the presence of strong optical ab-
sorbers such as thin cloud or haze layers often present in the
planetary boundary layer. Hence, the SC generation above
such layers would lead to a decrease by a factor of two
in their extinction contribution and thus, to an enhancement
of the detected signal. If, by using the pre-chirp technique,
the intensity of the fundamental emission is high enough to
generate a plasma instead of a white light channel at the
remote site, the available intensity of the broadband light
would hugely increase. Because plasma generation charac-
terises a diffuse light source [41], range-resolved measure-
ments are no longer required and therefore, range-integrated
measurements could be made. This will simplify the sig-
nal acquisition. Moreover, the vertical profiling could be
achieved with the variation of the height of the plasma gen-
eration site. This capability should be confirmed by further
experiments.

As mentioned in the theoretical part, white light channel
or plasma generation is related to a light intensity thresh-
old. This poses an important question: are ultra-short optical
pulses really needed to trigger these light source at a remote
site or could conventional laser pulses with a ns or ps pulse
duration produce the same phenomena? At short distances,
they can easily yield non-linear effects or plasma using sim-
ple focusing optics, whereas for the generation of the same ef-
fects at some hundreds of metres away from the laser source,
huge optics are required. This does not even include the wave-
front distortion induced by atmospheric turbulence [42]. For
example, if we consider a laser with 100 GW peak power at
a wavelength of 1 um, a numerical aperture for the focusing
optics of f/200 is required to create the 10'> W/cm? intensity
which is necessary to generate non-linear effects and plasma.
With a 10-m focal lens, a 50-mm aperture remains realis-
tic, whereas a focal distance of 300 m requires an aperture of
more than 150 cm.

Within the detected spectral range (450 to 850 nm), be-
sides H,O the tropospheric pollutants NO, and the nitrate
radical (NOj3) could potentially be monitored. Because they
play a crucial role in the diurnal ozone chemistry [43],
a simultaneous range-resolved monitoring of these three com-
pounds would be important. NO, has an absorption band
at 450 nm [35], whereas the absorption transitions of NOj
are found at 623 nm and 662 nm, respectively [44]. In non-
polluted atmosphere, NO, concentration is in the sub-ppb
range and NOj level lies between 1 ppt and 150 ppt [43].
Hence, a suitable monitoring of these species requires low-
noise measurements with an absorption detection limit in the
1073 range. Because this value reaches 1072 in our observa-
tions, that makes it difficult to retrieve these species from the
measurements although they lay in the appropriate spectral
region. However, it is still possible to retrieve such low ab-
sorption levels in this spectral range from lidar measurements
when a detector based on a CCD camera is used [16]. Con-
sidering this case in combination with the use of the SC as
light source, it cannot be excluded that the observed devia-
tion from the Lambert—Beer’s absorption law could limit the
measurement accuracy of atmospheric trace species.
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The spectral distribution observed in the SC (see Fig. 2a)
suggests that the SC should have an IR component. This has
never been reported in the literature, but the work in progress
should confirm this presumption. Because the majority of at-
mospheric pollutants show absorption features in this spectral
region [35,45], performing remote sensing in IR is attractive,
especially for tropospheric purposes in the 3—4 pm spectral
interval. There, volatile hydrocarbons such as alkanes and
alkenes, which are strongly involved in tropospheric ozone
smog formation [13], could be detected [46,47]. However,
the spectral interference between the absorbing compounds
and the very low backscattering coefficient of the atmosphere
in the IR spectral range (about 10~'° cm~! str~!) make these
measurements difficult. On the other hand, performing these
measurements with the observation method based on the
coupling of the lidar with the FTIR technique [17] could over-
come these difficulties.

5 Conclusion

The theoretical and experimental studies presented in this pa-
per have shown that non-linear processes such as SC and
plasma generated by intense ultrashort laser pulses into the
atmosphere could be used for atmospheric remote sensing.
Measurements were performed in the visible and near-IR
spectral region of the white light channel, using the time-
resolved broadband absorption technique coupled to the lidar
remote sensing technique. The huge potential of the method
could be pointed out as well as its limitation by strong absorp-
tion. The application of the SC as a pulsed light source with
a spectral extension from UV to IR enables the simultaneous
monitoring in a good range resolution of meteorological pa-
rameters such as the water vapour content as well as gaseous
pollutants. Further studies on plasma generation into the at-
mosphere and on the extension of the observed spectral band
in the UV and IR should confirm and enlarge the capability of
this novel atmospheric remote sensing method.
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