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(1)Universit́e de Geǹeve, GAP-Biophotonics, 20 rue de l’Ecole de Médecine, 1211 Geneva 4,
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Abstract: Filamentation is an efficient way to produce an intense and
spectrally broad, but poorly stable, source for coherent control spectroscopy.
We first described both theoretically and experimentally the filamentation
and broadening of a 410 nm ultrashort laser pulse in Argon. Byobserving
the theoretical and experimental spectral cross-correlation in the fila-
ment, we then show that the stability of the source can be improved. The
Signal-to-Noise Ratio of the intensity inside the filament is increased up to 7
dB by its spectral filtering which provide a low noise broad spectrum source.
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1. Introduction

Increasing interest has been recently devoted to selectiveexcitation of biological samples
[1, 2, 3] by means of pump-pump spectroscopy or more sophisticated coherent control schemes.
These experiments require to shape broadband low noise coherent source which until recently
was only feasible in the near infrared whereas the absorption bands of most of the relevant opti-
cally active biological molecules (tryptophan, flavin, heme molecules,...) are located in the UV-
Visible region. Therefore, previous coherent control experiments in this field usually involved
two-photon excited fluorescence [4, 5] induced by shaped intense ultrashort 800 nm laser pulses
for instance to selectively excite the fluorescence in live organisms [6]. However, due to their in-
herently weak cross-section and nonlinear nature, two-photon based experiments need a tightly
focused laser which could turn out to be critical to implement for long-distance applications,
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even if recent advances in ultrafast lasers have shown that high-power laser light such as the
Teramobile [7, 8] can, under certain power and focusing conditions, create extended regions
of ultra-intense illumination. Recently, considerable interest has been dedicated to the realiza-
tion of UV-Visible pulse shapers [9, 10], opening the way forremote excited fluorescence with
shaped laser pulse around 400 nm which is an interesting spectral window for biomolecules.
To achieve this goal, an intense and stable source, with a spectrum sufficiently broad to overlap
a manifold of transition pathways of the target molecule, ishighly desirable. The stability is
an issue in particular for applications relying on closed-loop optimization schemes, the most
popular being those based on genetic algorithms [11].

An easy and efficient way to provide broad spectrum femtosecond laser pulses is to use fila-
mentation. [13] Filaments [14] arise in the nonlinear propagation of ultrashort, high-power laser
pulses in transparent media. They result from a dynamic balance between Kerr-self-focusing
and defocusing by self-induced plasma. These spatio-temporal solitonic structures are able to
generate an extraordinary broad supercontinuum by self-phase modulation (SPM) and four
wave mixing (FWM), spanning from the UV to the IR [15]. Filamentation around 400 nm in
a controlled medium such as Argon under several bar could then be a promising way to pro-
duce an intense broad spectrum for pulse shaping applications. Even if recent works [16] show
that the overall intensity inside the filament core is stabilized, considering the inherent high
order nonlinear nature of the filamentation process, the filament spectrum is very sensitive to
the noise of the input beam, which could be a critical drawback for using filaments in con-
nection to closed-loop optimization. Moreover, theoretical and experimental investigations in
optical fibers showed that spectral correlations and photonnumber squeezing occur in temporal
solitons [17, 18]. Correlations within the white light continuum is due to SPM and FWM [19]
processes, where the medium participates only as the mediator of the nonlinear mixing. Under
these circumstances, two photons atω0 are converted into a pair of photons at the conjugated
wavelengthsω1 andω2 such that the energy is still conserved(2ω0 = ω1 + ω2). This process
results in typical correlation maps, where the signal at wavelengths within the continuum ap-
pears anticorrelated with the incident one, while pairs of conjugated wavelengths are strongly
correlated. Such maps are very well reproduced by numericalsimulations [20, 21]. The authors
also showed that the correlation maps may feature more complex patterns, due to cascaded
FWM events in which photons originating from a firstχ3 process give rise to further FWM,
so that correlations are partly lost. This occurs for longerpropagation distances, higher pulse
energies, or largerχ3 values.

To our knowledge, no theoretical model is available for filamentation at 400 nm. For that
purpose, we developed a theoretical model based on the derivation of a numerical solution of
the time-dependent non linear Schrodinger equation to study the feasibility of inducing such a
source.

In this paper, we demonstrate that spectral intensity correlations occur in the UV-Visible
supercontinuum generated by filamentation of a 400 nm ultrashort pulse in Argon. We also
make use of these correlations experimentally to compress the laser noise, by spectral filtering
of the broadened output. A laser noise reduction as high as 7 dB is demonstrated with this
method. Our study shows, therefore, that filamentation can produce a source which fulfils the
conditions for pulse shaping applications.
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2. Theoretical background

2.1. Basic equations

We consider a linearly polarized incident electric field atλ0 = 410 nm with cylindrical sym-
metry around the propagation axisz, written asℜe{ε exp[i(k0z−ω0t)]}, wherek0=2πn0

λ0
and

ω0 = 2πc
λ0

are the wave number and the frequency of the carrier wave respectively. The scalar
envelopeε(r, t,z) is assumed to be slowly varying in time and alongzand evolves according to
the propagation equation derive in [22].

∂zε =
i

2k0
△2

⊥ε − i
k′′

2
∂ 2

t ε +
ik0n2

n0
|ε|2ε −

ik0

2n2
0ρc

ρε −
1
2

σρε −
β K

2
|ε|2K−2ε (1)

wheret refers to the retarded time in the reference frame of the pulset → t− z
vg

with vg = ∂ω
∂k |ω0

corresponding to the group velocity of the carrier envelope. The terms on the right-hand side
of Eq. 1 account for spatial diffraction, second order dispersion, instantaneous Kerr effect,
plasma absorption and defocusing, respectively. The Kerr response of Argon is assumed to be
instantaneous [14]. In (1),ρc = ω0meε0

q2
e

corresponds to the critical plasma density above which

the plasma becomes opaque. In addition, the constantσ = ke2

ωmε0

τ
1+(ωτ)2 denotes the cross-

section for electron-neutral inverse bremsstrahlung (τ is the electron-atom relaxation time) and
β K corresponds to the coefficient of multiphoton absorption,K being the minimal number of
photons necessary to ionize Argon. This quantity is calculated asK = mod( Ui

h̄ω0
)+1, whereUi

is the ionization potential of Argon (Ui = 15.76eV [23]). β K is expressed asβ K = Kh̄ω0ρatσK

whereρat is the Argon density andσK is the multiphoton ionization cross section. The dynamic
of the electric field is coupled with the plasma densityρ because of the multiphoton ionization
process. The ionization of Argon follows the equation [24]:

∂tρ = σK(1−
ρ

ρat
|ε|2K)+

σ
Ui

ρ|ε|2−αρ2 (2)

We chose an initial plasma density of 109e−.cm−3. [25] The input electric field envelope is
modeled in focused geometry by a Gaussian profile with input powerPin as

ε(r, t,0) =

√

2Pin

πw2
0

exp(−
r2

w2
0

− (1+ iC)
t2

τ2
p

+ i
k0r2

2 f
) (3)

Our numerical method is based on a Fourier Split-Step schemein which all the linear terms
are computed in the Fourier space over a half-step while the nonlinear terms are directly com-
puted in the physical space over a second half-step using a Runge-Kutta procedure. To integrate
the linear terms of the equation along thez axis, i.e. the diffraction and dispersion, we used a
Crank-Nicholson scheme [26], more stable than the Euler method [27]. On the other hand, for
the plasma Eq. (2), an Euler scheme is sufficiently robust.

For calculation time concerns, the meshgrid size, as well asthe integration step, varied dur-
ing the simulation. More precisely, we used a (1400 ; 2048) meshgrid to describe the pulses.
The size of the meshgrid was chosen in the first part of the calculation, to be (5w0 ; 10∆t). As
soon as the quadratic radius of the pulse is divided by a factor 2, the resolution of the meshgrid
is increased by a factor 2. So, in the first part of the calculation, the radial resolution is only
5w0
1400=21 µm, then it becomes 10.5 µm and finally increases to 5.3 µm which is sufficient for
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resolving the plasma channel. In order to increase the resolution of the meshgrid, we used a cu-
bic spline interpolation of the electric field (sampling error < 0.1% over the entire meshgrid).
At the beginning of the propagation, a low resolution is sufficient because none of the nonlinear
terms does not play a significant role in the propagation. Then the Kerr effect induces a plasma
channel. As soon as plasma ionization becomes significant, the meshgrid has to resolve the
plasma channel which has a FWHM width of a few microns. Hence the meshgrid resolution
turns out to be relevant for any propagation step. This latter also changed during the propaga-
tion. It is initially fixed at 2 mm. Then because the nonlinearphase varies as|ε|2dz, we control
the relative error by decreasing the propagation step as a function of 1

max(|ε |2) and this, down to
10 µmduring the filamentation process.

λ0 (nm) 410
k′′ ( f s2.cm−1) [28] 0.39p
n2 (m2W−1) [29] 4.9.p 10−23

K 6
β K (m2K−3W1−K) 1.95.p 10−88

σK (s−1cm2KW−K) [14] 2.79.p 10−72

σ(1bar) (m2) 2.65 10−24

ρc (m−3) 6.64 1027

α (m−3s−1) [22] 7 10−13

τ (s) [30] 1.9 10−13p−1

Table 1. Physical parameters used in the model (p accounts for the relative gas pressure:
p = P

1bar ).

2.2. Results and discussion

For the numerical simulations presented below, we chose theparameters to be consistent with
our experiments. We considered the propagation ofλ0 = 410nmFourier Transformed limited
Gaussian laser pulses with a pulse duration∆t =

√

2log(2)τp = 150 f s (FHWM). The critical

power was calculated usingPcr =
λ 2

0
2πn0n2

= 0.54 GW. In the experiments, the laser system
provided a laser energy up to 1 mJ. In simulations, however, we fixed the laser energy to a
value of 135µJ which corresponds to about 5Pcr at a pressure of 5 bar, which is the pressure
used in the calculations below. We chose an input beam with anintensity FWHM diameter of
6 mmand a focal length of 75cm. Table I summarizes all the physical parameter values we used
in our model. Some parameters are given as a function ofp which is the relative gas pressure.

In Fig.1, the temporal and spatial dependencies of the electric field intensity are displayed
for several distances (z = 0 m,z = 75 cm,z = 78 cm,z = 80 cm,z = 84 cm andz = 99 cm).
The vertical axis represents the radial distance (inµm), whereas the horizontal axis represents
the retarded time (inf s). When the intensity peak reaches a value of about 6 1013 W.cm−2, the
plasma contribution becomes higher than that of the Kerr effect for the trailing edge because the
ionization threshold is reached. Therefore the trailing edge is defocused (seez= 80 cm). The
plasma density subsequently decreases so that the trailingpart of the pulse focuses again when
the power is high enough (seez= 84cm). In such a case, the pulse is divided into two subpulses
(Fig. 2(a)). For even longer propagation distance, the mechanism is rather complex because it
involves pulse splitting and self-phase modulation modified by ionization. Consequently, the
resulting electric field intensity is divided in several subpulses (Fig. 1,z= 99cm).
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Fig. 1. Time-Space representation of the electric field intensity focused bya 75 cm focal
lens. The initial energy was set at 135µJ and the duration at 150 fs. The Argon cell pressure
was 5bar. It has been plotted for several distances which are relevant in the filamentation
process. The beam is first focused and when the intensity reaches about 6.5 1013 W.cm−2,
the plasma defocuses the trailing part of the pulse (78 cm). If the energyis sufficient, the
trailing part focuses again, forming a subpulse (80 cm). In the last part of the filamentation
process, several subpulses was created (99 cm).
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Fig. 2. Left: Time-dependent intensity at the center the pulse for z=82 cmand z=90 cm.
At the beginning of the filamentation process (a), the pulse is divided into twosubpulses.
Then (c), several subpulses are formed. Right: Radial-dependentintensity of the pulse for
z=82 cm and z=90 cm. The FWHM radius is about 80µm
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Fig. 3. Left: Maximal intensity inside the core of the filament (W.cm−2). The Argon cell
pressure was 5 bar. The inside filament core intensity is clamped at about 6.5 1013 W.cm−2.
Right: Maximal plasma density inside the filament (e− cm−3). The oscillations observed
are inherent to the non linear propagation: as soon as the plasma density reaches its maxi-
mum, the filament intensity decreases because the plasma defocuses thebeam.

Filamentation is also illustrated in Fig. 3, where we have plotted both the maximum intensity
and the maximum plasma density reached for each propagationstep. The maximal intensity is
clamped and reaches a value of about 6.5 1013 W.cm−2 because the generated electron density
has a threshold like response, which saturates self-focusing locally and limits the peak intensity
inside the filament by defocusing the beam. Concerning the plasma density, it reaches a value
of about 1017−18 e−cm−3. This value is consistent with previous calculations with other wave-
lengths in Argon or in the air (248 nm, 586 nm and 810 nm) [31, 32]. The maximum electron
density crucially depends on the initial curvature radius of the beam. In particular, the more the
beam is focused, the higher the plasma density, as observed experimentally.

Figure 4 shows the evolution of the radius of the beam as a function of the propagation
distance. In the spatial domain, the filament core diameter FWHM is about 80µm (see Fig.
3, Right, inset) but this calculation does not take into account the photon bath which feeds the
filament core. Therefore, it is preferable to consider the quadratic radius calculated as

Rquad =

√

∫

r2(
∫

|ε(r, t)|2dt)dr
∫ ∫

|ε(r, t)|2dtdr
(4)

In that case, as shown on Fig. 3, (left side), the beam radius at the end of the propagation is
close to 300µm.

Figure 5(a) represents theoretical spectra for several Argon pressures. Both the broadness
and the shape can be controlled by adjusting the Argon pressure and the initial chirp. These two
parameters are simple to set and allow a relatively good control of the spectrum. As illustrated
in Fig. 5(b), calculated spectra are in relatively good agreement with experimental ones which
validates the use of our model for further observations of correlations.
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Fig. 4. Left: quadratic radius calculated as (Eq.3). This radius takes intoaccount the fila-
ment bath which increases the total quadratic radius (≃ 300 µm). Right: FWHM radius:
The filament core diameter is about 80µm.
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Fig. 5. (a) Theoretical spectra of the filament after propagation in Argon for different pres-
sures. The shape and broadness of the spectrum can therefore be controlled by adjusting
the pressure. (b)Experimental spectra broadened by self-phase modulation for various ar-
gon pressures. The energy was set at 150µJ. The higher is the pressure, the broader would
be the spectrum. At relatively high pressure, oscillations also appear in spectra, in good
agreement with calculations.
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99 cm

Fig. 6. In each square: up, the spatio-temporal dependencies of the intensity for several
distances, down, the corresponding Wigner plot of the pulse. At the endof the filamentation
process, the electric field is chirped by 2f s2 .

We then further calculated the Wigner function [33] of the electric field for each propagation
step as

W(t,ω) =
∫

E(ω +
Ω
2

)E∗(ω −
Ω
2

)e−iΩtdΩ (5)

The Wigner plot allows a better understanding of the time-frequency properties of the propa-
gation. For instance, the chirp generated during the filamentation process is clearly visible in
such a representation. In the first part of the filamentation process, one can model the phase of
the electric field as:

Φ(t) = k0z−ω0t = (
n
c

z− t)ω0 = ((n0 +n2I(t)−
ρ

2n0ρc
)
z
c
− t)ω0 (6)

and so the instantaneous frequency, can be written as

ω(t) = −∂tΦ = (−n2∂t I +
1

2n0ρc
∂tρ +1)ω0

z
c

(7)

That means that, at the beginning of the filamentation process, when only SPM plays a signif-
icant role, the upper frequencies are created in the trailing edge of the pulse whereas the lower
frequencies are created in its leading part. SPM induces therefore a temporal chirp in the pulse.
Moreover the plasma generation tends to generate higher frequencies when the time gradient
of the plasma density becomes significant. Hence, in Fig. 6, although the initial pulse is not
chirped, at the end of the filamentation, a chirp of 2f s2 is observed on the electric field.

As a conclusion, filamentation at 400 nm turns out to be a good candidate to obtain a source
for UV shaping applications. The filamentation dynamic is quite similar to these of the 800
nm filamentation (similar intensity, plasma density). However, because the 400 nm photons are
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more energetic than these at 800 nm, the order of the plasma nonlinearity is higher at 800 nm
(5 photons at 400nm against 8 photons at 800 nm are necessary to ionize Argon). Moreover all
the constants underlying the filamentation process are different: GVD, ionization cross-section,
absorption,... So, even if there are a lot of similarities inthe dynamic, the spatiotemporal prop-
erties of the two filaments are different: the filament at 400 nm is smaller (typically 80µm
instead of 100µm at 800 nm) but it implies a less efficient white-light generation. However,
400 nm filament generates a sufficiently broad spectrum and its shape can be tailored with
simple parameters such as chirp and gas pressure. Moreover,the filament is intrinsically ener-
getic which is favorable for remote sensing applications. However, the filamentation process is
highly nonlinear, which means that small changes in the input beam induce strong variations
of the filament spectrum. This instability is the main drawback of using filament as a usefull
coherent source for closed-loop optimization experiments. However, the statistical properties
of filamentation can be used to restrict, up to a certain point, this instability. Recent studies
[34, 35] indeed show that correlations exist between specific wavelengths pairs. These correla-
tions are positive if the wavelengths are created simultaneously, negative if one wavelength is
used to create the other. The variance of the intensityσ2(I) =< I2 > − < I >2 (where< X >

denotes the average of X over a representative sample) can bewritten as

σ2(I) =
∫ ∫

cov(I(λ1), I(λ2))dλ1dλ2 (8)

So if with a specific spectral filter, one can select anticorrelated wavelengths and reject cor-
related wavelengths, then the signal-to-noise ratio can besignificantly increased. One way to
observe correlations is to calculate the propagation cross-correlation for each wavelengths cou-
ple as

Cth(λ1,λ2) =
Cov(I(λ1), I(λ2))

√

Cov(I(λ1), I(λ1))Cov(I(λ2), I(λ2))
(9)

where
Cov(I(λ1), I(λ2)) = E([I(λ1,z)− Ī(λ1)][I(λ2,z)− Ī(λ2)]) (10)

, E being the mathematical expectation and̄I(λi) the average ofI(λi ,z) over the propagation
calculated as:

Ī(λi) =

∫ Ltot
0 I(λi ,z)dz

Ltot
(11)

To observe experimentally this quantity would require to take spectra at many propagation
distances for an unique shot, which is fastidious. However,even if this quantity is not measur-
able experimentally, it indicates in what manner the spectrum is broadened during the filament
propagation. The correlation maps resulting from Eq. 9, plotted in Fig. 7. for two different
pressures, display two typical patterns. At low pressure, both left- and right-hand sides of the
spectrum, which correspond to wavelengths induced during the propagation, are correlated.
A maximum is reached for perfectly conjugated wavelengths which satisfy 2ω0 = ω1 + ω2

(these wavelengths pairs are indicated by the white solid line on the map of Fig. 7). In contrast,
the pump frequencyω0 is anticorrelated with the two sides of the spectrum. These proper-
ties suggest that, in the low pressure regime, the preponderant phenomenon is theχ3 process
2ω0 = ω1 +ω2. Above 3-4 critical power, i.e. at higher pressure (for example p=5 bars in Fig.
7), oscillations appear in the correlation map which means that to generate outer wavelengths,
previously induced photons are used in cascading processes.
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Fig. 7. Correlation map for two different pressures. Solid line corresponds to couples of
wavelengths (ω1,ω2) which satisfy 2ω0 = ω1 + ω2 (6). Left: in the low pressure regime
(P = 2 bar), the highest correlation is reached for wavelengths couples which satisfy (6).
Right: in the higher pressure regime (P = 5 bar), oscillations appear in the correlation map
which is a characteristic of cascading processes. The highest correlations do not correspond
anymore to wavelengths couples which satisfy (6): initial correlations arepartly lost.

3. Experiments

3.1. Experimental setup

A CPA (Chirped Pulse Amplification) Ti: Sapphire laser system delivered 150 fs pulses at 22.5
Hz repetition rate, centered at 810 nm, with≃ 6 mm beam diameter (ate−2 level). A 1 mm
BBO crystal was used for frequency doubling the fundamentalwavelength. Adequate filters
and dichroic mirrors allow to reject the residual of the fundamental. The beam energy at 410
nm could be varied up to 1 mJ. As depicted in Fig. 8, the 410 nm beam was focused by a
75 cm lens inside a 1m length cell containing Argon. The Argonpressure was varied from
1 to 8 bar. Depending on the pressure, the filament formed about the center of the cell was
typically a few centimeters long. At the cell exit, as shown in Fig. 8(a), after about 50 cm of
free propagation outside the Argon cell, the beam was scattered on a neutral target, and the light
was collected with a fiber and injected into a spectrometer (Ocean Optics HR2000) providing
0.6 nm resolution between 380 and 450 nm. 1000 spectra were recorded and used to compute
the intensity cross-correlation maps across the spectrum.The cross-correlation between two
wavelengthsλ1 andλ2 was calculated as

Cexp(λ1,λ2) =
V(n1 +n2)− (V(n1)+V(n2))

2
√

V(n1)V(n2)
(12)

, with V(x) the variance of variablex andni the photon number (or the intensity) at the wave-
lengthλi . Hence, the cross-correlation measured experimentally (whereas it was not the case
theoretically) is a statistical property of the filamentation. In a second experimental arrange-
ment, depicted on Fig. 8(b), the continuum generated by the filament in argon was further dis-
persed by a diffraction grating (order -1 blazed, efficiency75 % at 410 nm). The setup was used
to observe the noise reduction induced by self phase modulation on the central wavelength. For
that purpose, after the dispersion of the beam on the grating, an iris was placed in the Fourier
plane of two cylindrical lenses in order to filter out the edgefrequencies of the continuum. The
remaining part of the beam was then detected on a photomultiplier tube (PMT) connected to
a boxcar amplifier. Another PMT, located before the argon filled cell, was dedicated to mea-
sure simultaneously the laser input fluctuations. Acquisitions of about 2000 laser shots have
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Fig. 8. (a). Correlation measurements setup up: the second harmonic of a Ti:Sa laser pulse
(at 410 nm) is focused in a cell filled with argon. During its self-channeledpropagation
in the cell, its spectrum is broadened by self phase modulation. The scattering of broad-
ened pulses on a neutral target is collected on a spectrometer via an optical fiber. Cross-
correlationsC(λ1,λ2) are then calculated for several argon pressure to retrieve correlations
maps. (b) Noise reduction setup: in that case, after their propagation, laser pulses are dis-
persed onto a grating before entering a spectral filtering setup composed of an adjustable
iris in the Fourier plane of two cylindrical lenses. The filtered broaden spectrum (collected
on PMT2) is then compared to a sample of the input spectrum (PMT1) in order to observe
noise reduction as a function of the argon pressure in the cell.

been performed for each pressure and/or each position and size of the iris in order to retrieve
histograms of the signal prior and after nonlinear propagation in the argon filled cell. Optimal
parameters maximizing the Signal-to-Noise Ratio were determined from these histograms.

3.2. Results and discussions

Figure 5(b) shows the broadened spectrum as a function of theargon pressure in the cell. As
described by Mlejnek et al. [22], the pulse propagation in the 1-8 bar domain results from equi-
librium between self-focusing and plasma effects and can lead to stable propagation. Typically,
the nearly Gaussian input spectrum (FWHM = 3 nm) is broadened by Kerr induced self phase

modulation, while propagating through the cell. At 1 bar, the critical power,Pcr =
λ 2

0
2πn0n2

is
about 0.5 GW in argon aroundλ0 = 410nm. At higher pressures, the critical power decreases
and therefore lowers the threshold, yielding to a larger broadening of the input pulses. As ex-
pected fromχ3 induced broadening processes, two photons from the pump atλ0 are annihilated
to produce one photon atλ1 and its conjugated photon atλ2 (through the conservation of the
energy, 2

λ0
= 1

λ1
+ 1

λ2
) , which produces correlations in the spectrum. The occurrence of correla-

tions essentially depends of the physical parameters involved in the propagation (input energy,
argon pressure). Figure 9 shows cross-correlation maps of the white-light continuum retrieved
from typically 1000 spectra for several argon pressures andbefore propagation through the cell.
In this latter case (”Reference” in Fig. 9), only positive correlations are observed. This is the
signature of overall intensity fluctuations on the incidentlaser pulses. It indicates that fluctu-
ations on the intensity of each wavelength are coherent. Forpropagation at low pressure (i.e.
2 bar), positive intensity correlations are observed in regions corresponding to nearly conju-
gated wavelength as well as in the trivial caseλ1 = λ2, whereas negative correlations form a
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Fig. 9. Experimental cross-correlation maps as a function of argon pressure for an input
pulse energy of 275µJ. Before propagation (Reference), only positive correlations are
observed for fundamental wavelengths (consistent with initial overall coherent fluctuations
on the incident intensity). After propagation, for low pressure (2 bar),additional positive
correlations are observed for conjugated wavelengths (pairs of photons) whereas negative
correlations appear between these wavelengths and input wavelengths annihilated in theχ3

process. At even higher pressure (5 bar), cascading events occur (visible through additional
strips) which blur the reading of cross-correlation maps.

dark cross centered onλ0. Up to 3 bar, the increase of the positive correlations area reflects
further broadening of the input pulse and the creation of conjugated wavelengths. At higher
pressure (for example, 5 bar on Fig. 9), cascaded events are responsible for the occurrence of
new negative correlations (additional dark stripes). As described previously in the calculations
section, when the spectrum is broadened enough, one or both conjugated wavelengths can be
involved in a secondary event involving the third order polarization, which partially destroy the
previously formed correlations.

The appearance of negative correlations also highlights the fact that a reduction of the noise
on the intensity of the input spectrum is measurable. In order to observe fluctuations on the noise
intensity, spectral filtering has been realized as described in the experimental section Fig. 10
shows histograms of the signal intensity before (S1) and after (S2) (with spectral filtering [406-
414 nm]) propagation through the cell (argon pressure 2 bar). As compared to the incoming
beam, filamentation yields a SNR increase of about 7 dB. This noise reduction disappears if
spectral filtering is applied only to one side of the spectrumas SPM rejects the fluctuations to
the two edges of the spectrum.

Noise compression can also be visualized by plotting the intensities of the spectrally filtered
continuum (S2) versus the intensities on the channel before filamentation(S1). In Fig. 11, such
plots are given as a function of the gas pressure inside the cell. For pressure lower than 2.5 bar,
S2 is an affine function ofS1 (S2≃ 0.9S1). The broadening does not take place, nothing is filtered
out. Up to 2.5 bar, the evolution ofS2 is no longer proportional toS1 but a plateau appears for
a range of input intensities (between 1.5 and 2.5 arb. unit.). Three intensity regimes can be
defined, labeled from I to III. In interval I, the incident intensity is too low and consequently
SPM generation is not efficient enough to induce noise reduction. Interval II corresponds to the
range of input intensities for which noise reduction is optimal. Although the input intensityS1

increases by a factor 2, the spatially filtered output intensity S2 remains stable. The fluctuations
of S1 versusS2, δS1

δS2
, rise up to 5 in this interval. Fundamental incident pairs ofphotons are

efficiently converted in pairs of conjugated photons by FWM which results in a reduction of
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. . . . . . . . . .

Fig. 10. Histograms of the fluctuations on the pulse intensities before (channel 1) and after
(channel 2) propagation in a cell filled with 2 bar of argon gas. The average energy was set
at 275µJ. Statistic on 2000 laser shots. (a) Histogram made with no filtering applied. No
noise reduction is observed. (b) The same experiment made with a [406nm-414 nm] filter.
An increase of 7 dB on the SNR is clearly visible on Channel 2.

Fig. 11. Statistics on the intensities after propagation (S2) for a large panel of input intensi-
ties (S1) at several argon pressures. The average energy was set at 120 µJ. At low pressure
(2 bar), an increase of the input intensity is correlated to a similar linear increase in the
intensity after propagation. At higher pressure, the behavior can be divided in 3 intensity
regions. In the low intensity case (region I), the power is too low to create many pairs of
conjugated photon and induce a significant noise reduction on the input wavelengths. The
intermediate input intensities case (region II) is the region where noise reduction is the
highest. For a fluctuationδS1 on the input intensity, a reduction of about 5 is observed on
δS2. In region III (high intensity cases), noise reduction is lost because cascaded events
start to add wavelengths to the broadening.
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the noise on the incident spectrum. In interval III, cascading processes take place which result
in a further increase of the noise.

4. Conclusions

We investigated both experimentally and theoretically thefilamentation process at 400 nm in
Argon. The shape of the spectrum can be tailored with controllable parameters as initial chirp
and cell pressure. Because of its highly nonlinear nature, filamentation is sensitive to the input
energy noise which limits its use in closed-loop optimization algorithms available for pulse
pulse shaping applications. We show in this paper that spectral filtering can be used to signifi-
cantly reduce the fluctuation.

We propose, as further experiment, a two-steps 400 nm filaments generation. In a first low-
pressurized Argon cell, a weak filament is generated and then, at the exit of the cell, the spec-
trum is filtered out in order to increase significantly the Signal-to-Noise Ratio. Then the chirp
generated by the propagation through all the dispersive media (glass windows, lenses, Argon)
and by the filamentation process itself has to be compensatedwith adapted chirped mirrors.
This stage is necessary for increasing the peak power of the pulse before the second filamen-
tation stage. In a second quite high-pressurized Argon cell, a long filament is created in order
to broaden the spectrum as much as possible. Finally, the chirp generated by the second prop-
agation stage is compensated by another chirped mirror. Theperformance of this procedure is
currently under study.
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