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ABSTRACT Self-stabilization of the laser pulse parameters is demonstrated during the
two-color filamentation of ultrashort and intense laser pulses in gases. Experimental
data and results of numerical simulations show, in good qualitative agreement, that the
root-mean-square values of the intensity fluctuations decrease below the initial value
for the near-infrared pump pulse and the perturbative limit for the third-harmonic pulse
in the filament. It is found that the stabilization of the third-harmonic intensity and en-
ergy are due to intensity clamping of the pump pulse and a constant ‘volume’ of the
laser pulse during the nonlinear propagation inside the filament.

PACS 42.65.Ky; 42.65.Jx; 52.35.Mw

1 Introduction

Nowadays, intense ultrashort
laser pulses are a basic tool in many
branches of physics and chemistry [1, 2].
Recently, it was demonstrated that fila-
mentation of infrared femtosecond laser
in gases leads to a self-compression [3]
of the pulse to a few cycles, poten-
tially even to the single-cycle limit [4].
Remarkably, the self-compressed pulse
preserves a stable carrier-envelope off-
set phase during the filamentation [3, 5].
The non-linear propagation of ultra-
short laser pulses in optical media is
mainly governed by the dynamic inter-
play between the optical Kerr effect due
to the intensity-dependent refractive in-
dex and defocusing from a low-density
plasma induced by multiphoton/tunnel
ionization (for recent reviews see [6]).
The defocusing effect of the self-gener-
ated plasma balances the self-focusing
effect and leads to a limited peak inten-
sity of about 5 ×1013 W/cm2 during the
laser pulse propagation in air [7]. This
is known as intensity clamping [8, 9]
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and results in the stabilization of the
pump intensity inside the filament [10].
Moreover, it has been shown that the in-
tensity inside the filament is sufficiently
high to induce third-harmonic gener-
ation [11]. Indeed, it has been shown
theoretically that the fundamental and
the third-harmonic pulses are coupled
inside the filament due to a nonlinear
group-phase-locking effect [11]. Re-
sults of subsequent numerical simula-
tions [12] suggested in addition that the
axial component of the third-harmonic
radiation can be compared to a forced
oscillator driven by the fundamental,
while the rings of the third harmonic ap-
pear due to phase matching over a longer
propagation distance. The mechanism
of self-group-phase locking also holds
for other parametric processes such as
four-wave mixing [10], and fifth har-
monic generation [13].

The self-actions during the filamen-
tation are crucial for several applica-
tions based upon the generation of few-
cycle pulses [3] and high-harmonics [14]
through the filamentation in gases. In

this work, we verify the self-stabilization
of the laser pulse parameters during
two-color filamentation. Our study
shows that the pump intensity, the third-
harmonic intensity and the energy of the
third-harmonic pulse are stabilized dur-
ing filamentation. Surprisingly, the self-
stabilization of these laser parameters
was not accompanied by a stabilization
of the pulse duration.

2 Experimental setup

Depending on the particu-
lar nonlinear interaction inside the fil-
ament, it is sometimes not trivial to
measure the signal inside the core of
the filament without destroying partially
its excellent parameters. For example,
the third-harmonic (TH) generated in-
side the two-color filament [11] destruc-
tively interferes with the TH generated
after the filament. This is the result of the
Guoy phase shift in which the TH en-
ergy generated in the filament is given
back to the pump after the geometri-
cal focus [15]. The linear wave-vector
mismatch between the pump and the
third-harmonic is large and thus the dis-
tance to decouple the fundamental and
the third-harmonic laser pulses beyond
the filament is critical for the meas-
urement of the TH energy stability in-
side the filament. The experiment was
done by using an energy per pulse of
680 µJ (2 times the critical power for
self-focusing in air) and a transform
limited pulse duration of 40 fs at full
width at half maximum (FWHM). The
radius of the elliptical beam mode at
the 1/e2 level was rH = 3.4 mm and
rV = 2.3 mm where rH and rV are ho-
rizontal and vertical radius, respectively.
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FIGURE 1 (a) Experimental
setup to measure the third-har-
monic energy along the propa-
gation axis. (b) Experimental re-
sults of the third-harmonic mean
energies as a function of the
propagation distance and (c) the
corresponding RMS energy fluc-
tuations. (d) Numerical simula-
tions of the third-harmonic mean
energies as a function of the
propagation distance and (e) the
RMS energy fluctuations

The pulse was focused into air at ambi-
ent pressure using a 100 cm focal length
lens to generate single plasma column
of about 5 cm long. The plasma col-
umn starts around 95 cm and ended at
100 cm. Since the laser intensity inside
the filament core is above the dam-
age threshold of the decoupling mirror
(see DM in Fig. 1a), the surface reflec-
tions from a pair of wedges (W1, W2)
set at large incidence angles were used
to decrease the intensity of the laser
pulses on the surface and thereafter the
dichroic mirror (DM) was used to sup-
press the near-infrared (NIR) laser pulse
and transmit the TH beam as shown in
Fig. 1a. This experimental setup was
scanned along the propagation axis and
could cease the filamentation process if
the first wedge (W1) was positioned in-
side the filament zone. The TH pulse
energy was measured with a calibrated
photomultiplier tube.

3 Experimental results

Figure 1b shows the meas-
ured third-harmonic mean energy along
the propagation axis. The TH energy
is roughly constant inside the filament
zone between 95 cm to 100 cm. Beyond
the filament, the destructive interference
induced a decrease of the TH energy
and become constant around 130 cm
due to a spatial walk-off between the
NIR and TH pulses. The root-mean-
square (RMS) intensity fluctuation of
the input NIR pulses was 1.5% in the

experiments. In the perturbative limit,
one would, therefore, expect a mini-
mum RMS energy fluctuation for the
generated TH pulse to be RMSTH =
3RMSNIR

∼= 4.5%, represented by the
dashed lines in Fig. 1c, which indeed
corresponds to the measured value be-
fore the filament. But, inside the fila-
ment the RMS value is reduced to about
2.8%, which is significantly lower than
the perturbative limit. This unequivo-
cally demonstrates the stabilization of
the TH pulse during the filamentation
process. At the beginning of the fila-
ment, we observe an increase of the TH
energy fluctuation which results from
the fluctuation of the starting point of
the filament for different initial peak
power [16]. Beyond the filament the TH
energy fluctuation increased as a func-
tion of the propagation distance since
the TH generated inside the filament de-
structively interferes with the TH gener-
ated after the filament.

4 Numerical simulations

In order to reveal the phys-
ical reason for the self-stabilization of
the TH energy, we used the theoretical
model for the two-color filamentation in
air described by the coupled equations
given in (1)–(3) of [11]. The propaga-
tion equations include geometrical fo-
cusing, diffraction, group-velocity dis-
persion, self-focusing, plasma gener-
ation via multiphoton ionization and
third-harmonic generation. For the nu-

merical simulations we have consid-
ered the propagation of a linearly po-
larized, collimated Gaussian input laser
pulse with a central wavelength at λ0 =
807 nm which is focused with a 100 cm
focal length lens in air at atmospheric
pressure. We have used laser input
powers, P0, above the effective criti-
cal power, Pcr = λ2

0/2π nω n2 = 8 GW
needed for self-focusing in air [17] and
an initial beam radius of w0 = 2 mm
(at 1/e2 of intensity). In order to ver-
ify the stability of the TH pulse in the
numerical simulations, we have per-
formed a series of calculations, in which
the initial pump parameters are varied
according to the experimental condi-
tions. The results presented below are
an average of the numerical results for
initial pump pulse duration, energy and
peak power of 40 fs, 680 µJ and 16 GW,
respectively, with a root-mean-square
fluctuation of 1.5%.

In Fig. 1d we present the averaged
TH energy along the propagation axis,
the corresponding root-mean-square
TH energy fluctuation is shown in
Fig. 1e. The numerical simulations are
in qualitative agreement with the ex-
perimental results. The conversion effi-
ciency in both cases is about 0.1% inside
the filament. From the numerical sim-
ulations we observe a RMS fluctuation
of 1% for the TH energy at a position
around 96 cm in Fig. 1e, while in the
experiment a minimum RMS fluctua-
tion of 2.8% has been observed inside
the filament (cf. Fig. 1c). The difference
in the TH energy distributions along
the propagation axis originates from the
elliptical beam profile used in the ex-
periment while the numerical code was
limited to a cylindrical symmetric beam
profile. Thus, the larger beam diameter
along the major axis of the elliptical
beam profile would make the self-focus
of the laser pulse closer to the geo-
metrical focus and generates a shorter
filament for the experiment. The higher
value of the experimental RMS energy
fluctuation as compared to the numeri-
cal results can result from two factors:
1) between the first wedge (W1) and
the decoupling mirror (DM) in Fig. 1a
there was no filament; thus, the laser
intensity was not clamped. 2) The dis-
tance between the first wedge (W1)
and the decoupling mirror (DM) cor-
responds to three times the coherence
length (π/∆k). Thus, the destructive in-
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terference of the TH pulse between the
first wedge and the decoupling mirror
would increase the fluctuation of the TH
energy mainly because of the intensity
fluctuation and the phase mismatch with
the NIR pulse.

Since the TH pulse is generated by
the pump, it is obvious to expect that
the reason for the stabilization of the
TH pulse inside the filament is due to
a stabilization of the pump pulse itself.
This correlation is indeed the case, as it
can be seen from the comparison of the
results for the mean intensity distribu-
tions of the NIR and TH pulses along the
propagation axis, presented in Fig. 2a
and b. The corresponding RMS inten-
sity fluctuations are shown in Fig. 2c
and d, where the initial RMS inten-
sity fluctuation of the input NIR pulses
of 1.5% is represented by the dashed
line in Fig. 2c. As outlined above, in
the perturbative limit, one would expect
a minimum RMS intensity fluctuation
for the third-harmonic pulse of 4.5%,
which corresponds to the dashed lines in
Fig. 2d.

It is clearly seen from the compar-
ison that both the mean intensity dis-
tribution as well as the RMS intensity
fluctuation of the TH pulse along the
propagation follow closely the respec-
tive curves for the pump pulse. At the
beginning of the filament (z = 85 cm),
we observe an increase of the RMS
intensity fluctuation for both the NIR
and TH pulses due to the vacillations
of the starting point of the filament
for different initial pump pulse param-
eters in the numerical average [16].
Inside the filament (between 90 cm to
100 cm), for both pulses there is seen
the steep decrease of the RMS inten-
sity fluctuation below the initial (for the
pump pulse) or the expected perturba-
tive values (for the TH pulse). This is
obviously due to the intensity clamp-
ing of the pump pulse inside the core
of the filament. This stabilization of the
laser intensity can be used for nonlin-
ear intensity dependent processes dur-
ing the two-color filamentation. Beyond
the filament the RMS intensity fluctu-
ation of the NIR pulse is higher than
its initial value because the vacillation
of the starting point of the filament
provokes a fluctuation of the far-field
NIR beam diameter. Thus, the NIR
cross-section becomes unstable and in-
creases the pump intensity fluctuation.

FIGURE 2 Longitudinal distri-
bution of (a) the mean pump
intensity and (b) the gener-
ated third-harmonic intensity.
The respective root-mean-square
(RMS) fluctuation is shown in (c)
for the pump intensity and (d) for
the third-harmonic intensity. The
fluctuation of the initial peak
power was RMS = 1.5%

Similarly, the TH intensity variation in-
creases after the filament due to the
rise of the NIR intensity fluctuation
and the destructive interference with the
third-harmonic generated beyond the
filament.

The energy of the third-harmonic
(E3ω) depends on the TH intensity
(I3ω) distribution integrated in time and
space, E3ω = ∫∫∫

I3ω(r, θ, τ)r dr dθ dτ

∝ I3ωϕ2
3ωτ3ω, where ϕ3ω and τ3ω are

the effective diameter and the effect-

FIGURE 3 Numerical results of the pulse duration (τ) and the diameter (ϕ) inside the filament at z =
96 cm for (a) the pump pulse and (b) the third-harmonic pulse as a function of the initial pump peak
power. The product ϕ2

ωτω (arb. units) for the fundamental pulse and the product ϕ2
3ωτ3ω (arb. units) for

the third-harmonic pulse are shown in (c) and (d), respectively, as a function of the initial pump peak
power

ive pulse duration of the TH pulse in-
side the filament. Recently, it has been
observed that the filament diameter
is not constant when the initial peak
power changes: the filament diameter
increases as a function of the initial
pump power because of the counterbal-
ance between the laser energy confined
by the external focusing and the defo-
cusing effect of the plasma [18, 19]. On
the other hand, as the pump power in-
creases, the filament length increases;
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thus, the spectral broadening is more
pronounced [20] and the pulse dura-
tion decreases [21]. Thus, if the fila-
ment diameter and the pulse duration
are not stable when the initial pump
power changes, there is one question
which needs to be answered: how can
the filamentation stabilize the energy
of the generated third-harmonic pulse?
For an initially fixed pulse duration, the
results of simulations in Fig. 3 show
that the pulse durations of both the NIR
and TH pulses decrease as a function of
the initial peak power while their beam
diameters increase inside the filament.
It is interesting to note parenthetically
that the effective pulse duration of the
TH pulse reaches about 3.3 fs inside the
filament, which corresponds to 3–4 cy-
cles. Thus, both the cross-section of the
filament and the laser pulse duration
are not stabilized during the filamenta-
tion as observed previously. However,
as shown in Fig. 3, these parameters are
anticorrelated and their product ϕ2

effτeff,
which corresponds in fact to the ef-
fective ‘volume’ of the laser pulse, is
stable in Fig. 3c (for the pump pulse)
and Fig. 3d (for the TH pulse) for small
variations of the initial NIR peak power.
It is important to note that the effect-
ive diameter and pulse duration of the
fundamental pulse shown in Fig. 3a are
affected by the noisy energy reservoir
surrounding the filament core. On the
order hand, the third-harmonic pulse is
generated inside the constant (clamped)
high intensity zone of the filament core.
Thus, the effective diameter and pulse
duration of the third-harmonic pulse,
shown in Fig. 3b, are not affected by this
noisy energy reservoir. The RMS fluc-
tuation of the product ϕ2

3ωτ3ω is 0.2%
and, hence, lower than the correspond-
ing value of 0.9% in case of the pump
pulse. Thus, the stabilization of the
third-harmonic energy observed both
theoretically and experimentally results
from the intensity clamping and the sta-

bilization of laser pulse ‘volume’ inside
the filament.

We may finally note that the self-
stabilization during filamentation can
also be observed by the plasma gen-
eration. The ionization of N2 requires
the absorption of 10 photons at a wave-
length of 807 nm. The measured RMS
fluctuation of the N+

2 fluorescence
strength was 8% inside the filament,
which is two times more stable than
the fluorescence fluctuation RMSN2 =
10RMSNIR = 15% expected from a per-
turbative estimation for an initial fluctu-
ation of 1.5% of the pump intensity. This
stabilization of the N+

2 fluorescence is
also the result of the intensity clamping
and the constant laser ‘volume’ inside
the filament.

5 Conclusion

In conclusion, we have dem-
onstrated both numerically and ex-
perimentally the stabilization of the
high-intensity filament core, the third-
harmonic energy and the self-generated
plasma density. These stabilizations are
the results of intensity clamping of the
pump pulse and a constant ‘volume’ of
the laser pulse due to the dynamic equi-
librium between the nonlinear intensity
dependent Kerr effect and the defocus-
ing effect of the low density plasma.
Nevertheless, from the statistical analy-
sis of numerical simulations we observe
that the pulse duration fluctuation is not
improved during the filamentation and
becomes slightly higher than its initial
value.
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