
PHYSICAL REVIEW E, VOLUME 64, 046607
Polarization dynamics of femtosecond pulses propagating in air
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Polarization dynamics of femtosecond light pulses propagating in air is studied by computer simulation. A
rich variety of dynamics is found that depends on the initial polarization state and power of the pulse. Effects
of polarization on the plasma and supercontinuum generation are also discussed.
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I. INTRODUCTION

There has been great interest in long-distance femto
ond pulse propagation in air in recent years inspired in p
by potential applications in remote sensing and laser-indu
lightning. The first experimental observations@1,2# of highly
localized, high-intensity filaments propagating over distan
that exceed their corresponding Rayleigh lengths by ord
of magnitude motivated the efforts to understand the p
nomenon@3–8#. Due to the violent formation process and t
extreme time and spatial scales of the filaments, the c
puter simulations and analytic approaches turned out to
vital tools to grasp the underlying physics@9–16#. Several
models have been proposed. The first explanation sugge
a stationary waveguide formed by competing effects of n
linear self-focusing and linear defocusing by underde
plasma generated in the most intense part of the pulse@1#.
An alternative model employed a notion of the ‘‘movin
focus’’ to explain how the geometrical focus of a beam
transformed into a long filament@3#. More recently, a dy-
namic spatial replenishment model emerged from numer
investigation by Mlejneket al. @9,10#. The essential feature
of the femtosecond propagation of infrared~IR! pulses is its
dynamics that makes it possible that the localized filame
propagate over long distances and do not suffer signific
energy loses. The basic mechanism involves a dynamic
ance between the nonlinear self-focusing and defocusing
free electrons generated via multiphoton absorption by
high-intensity filaments. When the self-focusing leadi
edge of the pulse starts to generate plasma, it thus crea
defocusing ‘‘lens’’ for the trailing portion of the pulse. Thi
has two effects: First, it limits the losses due to absorption
the plasma and, second, it prevents the major portion of
pulse from experiencing self-focusing collapse. After t
plasma generating leading portion of the pulse exhaust
energy, the strength of the defocusing lens decreases, an
self-focusing starts over again, this time in the ‘‘next temp
ral slice’’ of the pulse. The whole process can repeat sev
times, depending on the total energy of the pulse. The qu
tative features of the dynamical spatial replenishment rem
1063-651X/2001/64~4!/046607~8!/$20.00 64 0466
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valid also in transversely wide pulses, that break up i
multiple filaments@12#.

Up to the present, most of the work on the experimen
side and all numerical studies have been concerned with
case of linearly polarized input pulses. Recently, Petitet al.
@17# studied the effects of the polarization on the propagat
of femtosecond IR pulses. They have measured lumin
cence from the plasma generated in the filaments to s
that the polarization of the pulse plays an important role
the plasma generation. Due to the highly dynamic nature
the filament formation and propagation, it is natural to exp
a rich polarization dynamics in femtosecond pulses. In t
initial study, we restrict ourselves to femtosecond puls
with modest peak powers that retain their initial radial tran
verse symmetry and are just sufficient to produce sev
refocusing events within a single pulse. The initial polariz
tion of the pulse is varied and the polarization state is
corded along the propagation path. Our results indicat
tight correlation between the evolution of the pulse wa
form along the propagation distance and certain global
larization parameters. Thus, the measurements of the p
ization state could provide yet another tool to extract inf
mation on dynamics of pulses as well as an opportunity
correlate experiment and theory.

The remainder of the paper is organized as follows. O
basic model is described in Sec. II, and details of our sim
lated experiment are given in Sec. III. Plasma producti
polarization dynamics, and the associated supercontinu
generation are then discussed in Secs. IV–VI. Finally,
summary and conclusions are given in Sec. VII.

II. MODEL EQUATIONS

Since the typical transverse dimension of the se
focusing collapsing filaments is a few tens to hundreds
microns in the IR wavelength region, it is a good appro
mation to consider the optical field as transverse. We
scribe the complex optical amplitude in terms of two circ
larly polarized componentsE 6. The choice of the circularly
polarized basis is motivated by the fact that in this basis
nonlinear birefringence is ‘‘diagonal’’ and preserves t
©2001 The American Physical Society07-1
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power in each component, which in turn makes its imp
mentation easier. Our model is a straightforward extensio
the scalar version we used in our previous studies@9,12#. It
takes into account the effects of diffraction, normal gro
velocity dispersion~GVD!, multiphoton ionization~MPI!
and avalanche plasma generation, defocusing of light by
generated free electrons, and instantaneous and delaye
bic nonlinearity:

]E 6

]z
5

i

2k
¹'

2 E 62
ik9

2

]2E 6

]t2
2

s

2
~11 ivt!rE 6

2
b (K)

2
uEu2K22E 61 i

2v

3c
~12 f !n2~ uE 6u2

12uE 7u2!E 61 i
2v

3c
f n2F E

2`

`

dt8R~ t2t8!~ uE~ t8!6u2

12uE~ t8!7u2!GE 6. ~1!

Here v is the optical frequency,uEu25uE 1u21uE 2u2 the
combined intensity of the two circularly polarized comp
nents,k5v/c, k95]2k/]v2, r is the electron density,s is
the cross section for inverse bremsstrahlung,t is the electron
collision time, b (K) is the K-photon absorption coefficient
and the nonlinear change in refractive index for a linea
polarized continuous-wave~cw! field is n2uEu2. The corre-
sponding critical power for self-focusing collapse for linea
polarized fields isPcr5l0

2/2pn2, or Pcr51.7 GW for our
parameters. In contrast, the critical power for self-focus
for circularly polarized fieldsPcr

6 51.5Pcr is 1.5 times that
for linearly polarized fields@18#. The normalized respons
function ~characterized by the resonance frequencyV and
the decayG)

R~ t !5u~ t !V2e2Gt/2
sin~Lt !

L
, L5AV22G2/4, ~2!

accounts for delayed nonlinear effects, andf is the fraction of
the cw nonlinear optical response which has its origin in
delayed component, and we denoted the Heaviside step f
tion by u(t). In the present model, we chose the relat
weight of the ‘‘self’’ and ‘‘cross’’ nonlinear birefringent
terms the same as for the instantaneous Kerr effect and
linear Raman effect; namely, the cross effect has a we
twice that of the self-effect as is appropriate for an isotro
medium@18#.

The optical field amplitude equations are completed b
simple equation describing the evolution of the plasma d
sity:

]r

]t
5

s

Eg
ruEu21

b (K)uEu2K

K\v
2ar2, ~3!

where the first and second terms represent the avalanche
multiphoton effects, while the last one models the plas
recombination. Note that at the time scales relevant for
present study, the only practically important contributi
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comes from the the multiphoton term. For the pulse pow
we use, it is sufficient to include oxygen alone as a source
MPI, since its corresponding multiphoton order is lower th
that for nitrogen. We use the Keldysh theory formula to c
culate the MPI rate@19#.

We remark that our model’s multiphoton absorption a
plasma generation term is isotropic with respect to the po
ization state of the light. This is certainly a simplificatio
since there is an experimental evidence that the multipho
cross section is polarization dependent@17#. The rationale
behind this choice is twofold. First, precise values for t
MPI coefficients for air are not available at present. Co
sider, however, that the MPI coefficient for linear polariz
tion is 10 times that for circular polarization. Since the ge
eration rate of electrons via MPI varies asbKI K, a difference
of 10 in MPI coefficient between the two cases is balanc
by a factor of 101/K in intensity between the two cases, whic
for K57 gives an intensity difference of 1.38. Since electr
generation due to MPI occurs as the field experiences s
focusing collapse, this difference in intensity is easily ma
up. Second, even a tenfold difference in the magnitude of
MPI coefficients for different polarization is not going t
have a substantial effect on the pulse polarization dynam
This is because the main effect of the generated plasm
defocusing and that is equal for all polarization. What
different is the amount of losses due to MPI plasma gene
tion, but that is rather small and only affecting the very lea
ing edge of the subpulse that generates the plasma—the
larization dynamics rather takes place in the ‘‘bulk of t
pulse.’’ For the above reasons we feel it is reasonable to k
our model as simple as possible and to approximate the
terms as isotropic.

Explanations of symbols that appear in our model eq
tions are listed in Table I together with the values used in
simulation.

III. NUMERICAL SIMULATION

To study the role of the initial polarization state of th
pulse on its subsequent propagation, we performed a se

TABLE I. Model parameters and numerical values used in o
simulations.

Quantity Value and unit Note

k k52p/l0 Reference wave vector
l0 77531029 m Wavelength
k9 2.1310229 s2/m Group velocity dispersion
n2 5.6310219 cm2/W Nonlinear index
f 0.5
G 26 THz R(t);u(t)3

L 16 THz e2Gt/2sin(Lt)
K 7 MPI order
Eg '11 eV Ionization energy
bK 6.53102104 m11 W26 MPI rate
t 3.5310213 s Electron collision time
s 5310224 m2 Cross section for

inverse bremsstrahlung
a 5310213 m3/s Recombination rate
7-2
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of simulations. In all runs, the initial pulse was chosen to
a Gaussian wave packet~in time and space! characterized
through its central wavelengthl5775 nm, pulse waist
w50.7 mm, and temporal durationtFWHM5200 fs. We
fixed the initial peak intensity as 1.031016 W m22 which is
a relatively modest value: for a linearly polarized input th
corresponds to an input peak power ofP57.7 GW
54.5Pcr , whereas for a pure circular polarizationP
57.7 GW53.0Pcr

6 . At these powers, there are typically tw
to three refocusing events in the pulse propagation, and
numerics can be reliably controlled. At higher powers un
a perfect axial symmetry of the pulse, it may be necessar
extend the model beyond the nonlinear Schro¨dinger equation
~NLSE! and to include correction terms that allow one
handle pulses with a very broad spectrum. To check
numerical procedures and model implementation, we p
formed most of the runs in two or three different resolutio
The data we present were obtained with the time-dom
resolution of 0.24 fs. This resolution is sufficient to captu
spectra several hundredth of nanometers wide. We pro
more details of our testing procedures concerning the s
tral resolution and algorithm validity in Sec. VI devoted
supercontinuum generation.

Below, we present our results for a series of runs t
differ in the initial polarization state of the pulse. We chan
the polarization from the linear, through elliptic to circula
to see how it affects the dynamics of the filaments. In pre
ous work on nonlinear propagation in fibers, the Stokes
rameter formalism has been employed to classify the po
ization dynamics for plane wave fields@20#. Here we employ
space and time averaged Stokes parameters (s0 ,s1 ,s2 ,s3) as
a description of the polarization dynamics of the propagat
pulses. In particular, our Stokes parameters are calcul
numerically according to the prescription

s05~Fp/21F0!,

s15~Fp/42F2p/4!/s0 ,

s25~Fp/22F0!/s0 ,

s35~FCR2FCL!/s0 , ~4!

whereFb is the total energy detected after passing the pu
through a polarizer of stateb,

Fb52pE
2`

1`E
0

R

uE bu2~r ,t !rdrdt, ~5!

with Eb the field resolved along the polarizer direction andR
the radius of a detection aperture chosen to select the
most intense region of the pulse around the filament. Fo
linear polarizerb is the angle of the polarizer, whereas for
circular polarizerb5CR,CL corresponding to right and lef
circular polarization settings. Here we choseR50.1 mm,
and perform the measurement of the Stokes parameters
the near field.’’ We note thats0 is the total energy of the
pulse detected over the aperture, and the remaining St
parameters are calculated as differences between the det
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energy with different polarizer settings normalized to the
tal energy. Thus our prescription has a direct experime
interpretation and should therefore be of utility. The abo
prescription for determining the Stokes parameters also
duces to the usual definitions in the limit of long pulses
broad transverse extent.

In the numerical simulations to be presented we fix
initial Stokes parameters2 equal to zero and varys1 ands3
between 0 and 1 to vary the initial polarization from line
through elliptic to pure circular polarization. Besides the p
larization state, we also recorded the data pertaining to
plasma generation inside the pulse, and generation of
supercontinuum light. We start our discussion with plas
generation.

IV. PLASMA PRODUCTION

As the femtosecond pulse undergoes multiple s
focusings, the amount of plasma generated by its hi
intensity portions reflects the spatiotemporal shape of
pulse. The total number of generated electrons and the m
mal plasma densities exhibit peaks along the propaga
distance. These peaks coincide with the locations of s
focusing collapses within the pulse, each peak being p
duced by a different temporal portion of the pulse. Figure
shows the plasma generation for three different initial pol
izations of the pulse. The trend that one can see is quit
line with what is expected based on the functional form
the nonlinear birefringence. Namely, as we change the in
polarization from linear through elliptic to circular, th
amount of the generated plasma decreases. Also, the ons
filament formation is delayed for the circularly polarize
pulse because the critical power for self-focusing is hig
for circularly polarized pulse as noted earlier. In other wor
keeping the input peak power the same for different po
izations, we effectively decrease the self-focusing power
circularly polarized pulses. This is also the reason why
number of refocusing events can be higher in a close
linear or linear polarization than in a circularly polarize
pulse. While the overall plasma production depends on
polarization state, the typical dimensions of the filaments
not very sensitive to it. That can be seen from the Fig
which shows the longitudinal extent of the plasma colum
The transverse dimensions of the plasma channels ca
estimated from the ratio of the two curves shown in the fi
ure as the square root of the ratio between the total num
of electrons and the maximal plasma density. This charac
istic dimension of the plasma channel is shown in Fig. 2
three different polarizations. Though there are small va
tion between different initial polarizations, the thickness
the plasma channels is always roughly 60mm in the most
dense parts. The plasma channel generated by the circu
polarized pulse seems to be more ‘‘homogeneous,’’ exhi
ing less thickness variation along the propagation distan

V. POLARIZATION DYNAMICS

While the dynamics of the plasma generation and its
pendence on the polarization described in the previous
7-3
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tion are straightforwardly linked to the structure of the equ
tions governing the optical field evolution, the polarizati
dynamics seems to be more difficult to interpret. Figures
4, and 5 show the Stokes parameters and the polariza
degree as functions of the propagation distance for the t
different initial polarizations we discussed in the previo
section. An interesting feature is the difference between
‘‘stability’’ of initial linear and circular polarization. Figure
3 shows that a small perturbation to the linear polarization

FIG. 1. Plasma generation for almost linear~a!, elliptic ~b!, and
a close-to-circular~c! initial pulse polarization. The total pea
power is kept the same in all cases. Since the critical power
self-focusing is higher for circular polarization, the circularly pola
ized pulse experiences weaker self-focusing which in turn resul
less overall plasma generation.
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the initial pulse leads to an increasing deviation of the po
ization state from the initial one. In this sense, the line
polarization appears to be unstable, as the polarization m
sured after the filament formation can significantly diff
from the initial one. Naturally, the rate of divergence for tw
close but not identical initial conditions decreases with
decreasing input power. On the other hand, in the case
almost circular polarization shown in Fig. 4, the pulse pol
ization state does not change that dramatically. Though th
is a small decrease of the polarization degree, one can
that final polarization stays close to the initial one even a
two refocusings of the pulse. Thus, the circular polarizat
seems to be more stable against small perturbations than
linear polarization. Figure 5 shows an interesting case of
initially elliptic polarization. Note that the Stokes paramet
s3, which measures the degree of circular polarization, o
exhibits small variations, while the other two parameters
crease significantly after their initial increase in the first c
lapse. That means that the light focused in the second
lapse is predominantly circularly polarized. This observat
is confirmed by examining the spatiotemporal polarizat
pattern within the pulse. This is an observation that may

FIG. 3. Stokes polarization parameters of the on-axis part of
pulse as functions of the propagation distance for an almost lin
initial polarization. The initial deviation from the perfect linear po
larization increases, and the polarization degree decreases.

r

in

FIG. 2. Characteristic transverse dimension of the genera
plasma column for three different initial polarizations.
7-4
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be expected based on the previous results concerning
self-focusing of polarized pulses@21,18#. Namely, in a situ-
ation close to a continuous-wave regime, one can argue
the weaker circular component experiences a stronger fo
ing ‘‘lens’’ because of the factor of 2 in the birefringenc
cross term, and that eventually leads to equal intensitie
both circular components and, therefore, linear polariza
of the central filament. However, the important point here
that the femtosecond light filaments under consideration
extremely dynamic objects. The resulting polarization dis
butions strongly depend on the spatial and temporal loca
within the pulse, and any interpretation based on stea
state-like considerations becomes invalid. Namely, there
delay between when the light encounters the focus
‘‘lens’’ and when it actually reaches the focus. This del
interferes with the temporal profile of the pulse, which typ
cally exhibits multiple peaks that may be just a few fem
second long. As a consequence, the above simple argu
is not sufficient to capture all essential features of the p

FIG. 4. An initially almost circularly polarized pulse~approxi-
mately! preserves its polarization state. There is only a slight
crease of the polarization degree.

FIG. 5. Stokes polarization parameters as functions of
propagation distance for an elliptic initial polarization of the pul
The central part of the filament evolves into a predominantly cir
lar polarization state after the second self-focusing collapse ev
Note that the rate of change of the polarization state correlates
the loci of maximal plasma production~see Fig. 6!.
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nomenon. The tendency of the predominantly circular po
ization of the most intense portion of a filament was a
observed in our simulations that were not restricted to a
symmetry @22#. A wide beam with a random perturbatio
breaks up into multiple filaments that exhibit polarizatio
properties similar to those we discuss here. However,
has to keep in mind that in both cases, axisymmetric as w
as fully spatially resolved, our simulation modeled puls
with relatively small energy fluence when compared to so
current experiments. Therefore, it would be extremely int
esting to see what happens to the polarization of the cen
filament in a pulse that has enough energy for many s
focusing events and also has the transverse profile c
enough to preserve its axial symmetry.

We conclude this section with yet another presentation
the polarization dynamics data we have shown abo
Namely, we want to show that the polarization chang
closely reflect the self-focusing events within the pulse a
consequently, the locations where most of the plasma is g
erated. Figure 6 shows the root-mean-square rate of
change of the Stokes vector along the propagation dista

ds

dz
5AS ds1

dz D 2

1S ds2

dz D 2

1S ds3

dz D 2

~6!

for the case of elliptic initial polarization of the pulse. Th
curve shown corresponds to the data depicted in Fig. 5 an
Fig. 1~b!. Note that the maxima of the rate of the polarizati
change closely follow those in the plasma production cur
We thus see that the multiple self-focusing events in
single pulse leave their signature on the polarization. T
could provide another way, besides the indirect plasma d
sity observations@8,25–27#, to visualize the dynamics of the
spatial replenishment.

VI. SUPERCONTINUUM GENERATION

After contrasting the behavior of pulses polarized close
linear and circular from the points of view of plasma gene

-

e
.
-
nt.
ith

FIG. 6. Root mean square of the rate of change of the Sto
polarization vector,ds/dz ~in units of m21), as a function of the
propagation distance for elliptic initial polarization. The ra
maxima are correlated with the locations of strongest plasma g
eration and focusing.
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tion and of their polarization dynamics, we want to discu
the effects of polarization on the supercontinuum generat
However, before presenting our results, we feel a note c
cerning some technical questions is in order. The explos
spectral broadening in the supercontinuum generation
femtosecond pulses is a rather subtle phenomenon from
point of view of numerical simulation. Clearly, one needs
sufficient resolution in the time~spectral! domain to capture
the broad spectrum, but the resolution may not be the o
issue here. One has to check how broad is the spectral re
within which the model and its numerical implementati
describes the wave propagation correctly.

To assess the spectral band over which our nume
works well, we performed some comparative simulatio
The choice of the reference frequency~wavelength! around
which the NLSE is built is in principle arbitrary, though it i
obviously most appropriate to choose it close to the cen
frequency of the modeled pulse. This means that simulat
that only differ in the choice of the reference frequen
should give the same results. We have compared simula
with the reference frequency shift of 150 nm off the cent
wavelength of the pulse and obtained a very close matc
the spectra in the region from 500 to 1200 nm and over f
decades in spectral intensity. Thus, in this interval we
trust the spectra extracted from our simulations. We wo
like to point out that this is in fact a rather strong test for t
overall numerical implementation of the solver.

Another important issue concerns the validity of t
NLSE. It was shown that correction terms beyond ordin
NLSE approximation@28# are necessary to capture the spe
tral dynamics of a femtosecond pulse propagating in s
phire @23#. Similarly, the correction terms may be importa
in sufficiently short and powerful pulses in air@24#. In gen-
eral, one expects the NLSE to fail when the power of
pulse is very large and/or when the pulse duration is v
short. In gaseous media, however, the regime of the fem
second pulse propagation depends strongly on the pres
as was demonstrated by Mlejneket al. @10#. While at high
pressures the situation is rather similar to the one in gla
and the collapse regularization is mainly driven by the gro
velocity dispersion and higher-order corrections as shown
Gaeta@23#, at low ~atmospheric! pressures the defocusin
due to plasma generated in the pulse is the dominant me
nism which stops the collapse. In the latter case, the wh
spatio temporal pulse dynamics is much less dramatic,
the resulting wave-form gradients are not as severe a
glasses. Thus, in this regime and at modest input powers
usual NLSE approximation is expected to be a good mo
In this work, we restrict ourselves to relatively small pe
powers in order to ensure that we avoid the regime where
corrections come into play.

Figure 7 shows a comparison of the spectral broaden
of two pulses that differ only in their initial polarization. Th
way we extracted the spectra from the pulse wave fo
corresponds to measurement in a near field with the s
aperture we used for polarization characterization. The fig
shows spectra ‘‘measured’’ after the last self-focusing c
lapse, after which the pulse will eventually diffract and the
will not be more supercontinuum generation. One can
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that the pulse which was initially polarized close to line
exhibits a much stronger supercontinuum generation. H
ever, note that we compare pulses with the same peak po
and what we see here is an effect similar to the plasma g
eration. Supercontinuum generation strongly depends on
available power and the natural measure of that power i
units of critical power for self-focusing. From that point o
view the circularly polarized pulse is weaker and that is
main reason that it exhibits less spectral broadening. H
ever, this situation represents a reasonable experime
setup in which only the polarization is changed.

To get a feeling regarding the role of the group veloc
dispersion in the supercontinuum generation, we perform
most of the simulation runs also with a higher-group-veloc
dispersion parameter. It turns out that increasing GVD by
order of magnitude leads to a strong suppression of the c
tinuum production. We speculate that it may be one of
reasons that, at least in some experiments, there is only
spectral broadening in the ultraviolet~UV! femtosecond
pulses@29# because the GVD value of air is significant
higher in the UV region.

The findings from our numerical simulations should
accessible to experimental testing. However, extreme cau
should be exercised when trying to compare experime
and simulational spectra. The spectra we present are ta

FIG. 7. Spectral broadening of two femtosecond pulses w
different initial polarizations. The linearly polarized pulse produc
significantly more supercontinuum light than an equally intense
cularly polarized pulse.
7-6
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from ‘‘one shot.’’ They exhibit modulations typical for su
percontinuum generation in gases@2,30#. While the charac-
teristic ‘‘frequency’’ of the modulation is rather reprodu
ible, the exact spectral shape is not. Thus, even sm
fluctuation in the parameters of the pulses will result in
suppression of fine features in the multiple-shot experime
spectra.

VII. CONCLUSIONS

We have performed a computer simulation study of
effects of the initial pulse polarization on its propagation a
filamentation dynamics. In agreement with the experim
@17#, we have found that the filamentation onset is reac
earlier for a linearly polarized pulse than in a circularly p
larized pulse of the same peak power. However, in so
cases, the experiment indicates that the circularly polari
pulses create higher plasma densities in comparison with
early polarized pulses. Our simulations suggest the oppo
but one has to keep in mind that the experimental meas
ments and our simulation pertain to rather different con
tions, including much higher power and focusing in the e
periment. In our simulations, we also see more self-focus
events with linearly polarized pulses than with circularly p
larized ones.

We have observed a rich spatiotemporal polarization
namics. Naturally, the limited range of the full parame
space explored in our simulations prevents us from draw
general conclusions, but we believe some tendencies ar
ready discernible. First, the initially circular polarizatio
seems to be stable in a sense that a small perturbation o
polarization state does not grow significantly. On the ot
hand, when a small polarization perturbation is applied to
linearly polarized pulse, it grows and the polarization deg
of the central filament decreases significantly. The grow
rate of the deviation is expected to increase for higher p
ers. An interesting case is the one of an initially elliptic p
larization. We have observed that the center of the filamen
almost purely circularly polarized after subsequent s
focusing collapses within the pulse. Apparently, we ha
here a rather different situation than in the self-focusing
nanosecond pulses, which tend to create linearly polar
filaments independently of initial polarization state@21,18#.
The usual argument—that the the weaker circular compon
experiences stronger self-focusing which finally leads to b
ancing the power of the circularly polarized components a
04660
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thus to linear polarization—cannot be applied in the fem
second pulses. The evolution of the polarization state al
the propagation distance is extremely dynamic and ha
possible to describe in simple ‘‘static’’ terms. The multip
refocusing within a pulse and the defocusing effect of
generated plasma play a major role. The important featur
the whole process is that apart from the relatively small
ergy losses due to plasma generation and radiation, the
ergy in each circular component remains conserved. Th
the main mechanism that results in changing polarizat
pattern within the pulse is the spatiotemporal energy re
tribution within each circular component. As a consequen
the polarization state of the whole pulse is very complica
and, therefore, any projection onto global quantities l
Stokes parameters has to be interpreted in relation to de
of the measurement~aperture, near versus far field, collectin
angle, etc.!.

We have also looked at spectra ‘‘measured’’ after the l
self-focusing collapse for different initial polarizations. I
accordance with our observation about the plasma gen
tion, we see much stronger supercontinuum generation
linearly polarized than in circularly polarized pulses.

Finally, we have seen that rate of change of the polari
tion state in the center of the filament is closely correla
with self-focusing and plasma generation. Thus, the polar
tion offers, in principle, an alternative way to investigate t
dynamics of the spatial replenishment in femtosecond pul

In this work, we have concentrated on investigating ‘‘gl
bal’’ quantities to characterize the femtosecond pulse pro
gation that should be experimentally accessible, at leas
principle. Naturally, the question is how much can be do
practically. To measure the Stokes parameters evolu
along the propagation distance, for example, a very g
reproducibility of the initial pulse would be required. How
ever, the ‘‘final output’’ polarization state and spectra, whi
should be easier to measure, also carry a lot of signat
about the inner dynamics of the femtosecond pulse propa
tion.
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