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We suggest a method for measuring the polarization orientation of high-intensity beams, by
analyzing the damage structures on metal targets, created by laser-plasma-metal interaction. We
apply our method on laser filaments and demonstrate stability and instability of the polarization
orientation dynamics. Our experimental results show that the polarization orientation of linearly
polarized input beams during filamentation is stable, whereas that of elliptically polarized input
beams is not. The results are supported by an analytical model. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4767526]

Laser filamentation in air is a well-known phenomenon
that has been extensively researched over the last decade,'
with various applications proposed such as light detection
and ranging (LIDAR),” pulse shortening,” and weather con-
trol.> The main effects governing filamentation are Kerr self-
focusing, diffraction and plasma defocusing. While the
behavior of the electric-field amplitude along the filament is
relatively well understood, the polarization of the electric
field along the filament is not entirely resolved. The dynam-
ics of the electric-field polarization was discussed from a the-
oretical point of view by Fibich* and more recently by
Kolesik.” In addition, birefringent effects in laser filaments
have been previously demonstrated.®” However, so far no
experimental investigation of the polarization orientation
along the filament has been conducted. A direct measure-
ment inside the filament is complicated due to the high inten-
sities (above 10'* W cm~2) in the filament core that damage
the optical devices used for the measurements.

In this letter we demonstrate a method to measure and
investigate the dynamics of polarization orientation during
the collapse of laser beam into a filament in air. The polar-
ization orientation of high intensity beams is derived by
examining the polarization dependent features of the damage
marks created by the beam on a metal target. We expect
improved understanding of the polarization dynamics will
result in improved control over the filament’s collapse pro-
cess and thus also improved control of laser intensity and
plasma density of a filament. In our approach, the damage
structures created on the target placed at various distances
along the propagating laser beam path serve as polarization
orientation indicators. The phenomenon we use in particular
is the well-known formation of femtosecond laser induced
periodic surface structures (FLIPSS).&9 Since FLIPSS are
formed near the ablation threshold of the metal, there is a
significant difference in the ablation speed for slightly differ-
ent intensities.’ Therefore, the areas of higher intensity in the
interference pattern are ablated at a higher rate than the
lower intensity regions of the interference pattern; hence, the
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grating-like FLIPSS is formed. The orientation of the
FLIPSS created by elliptical polarizations, except for the
near-circular case, is determined by the orientation of the
major axis of the polarization ellipse.

The laser in our experiment is an amplified Ti:Sa laser.
20 mJ, 100 fs pulses were passed through a f=4m lens to
create filaments at either a single shot or a 10 Hz repetition
rate. The lens was used to reduce the distance of filamenta-
tion onset and to stabilize the filament. As described in ear-
lier work,'® tilting the lens by 20° from the beam
propagation direction means two subsequent shots were hit-
ting the same point with a =40 um error. A * /4 waveplate
was used to define the initial polarization of the laser beam.

A flat stainless-steel target was positioned normal to the
beam propagation, as shown in Fig. 1(a), and for each input
polarization we took a set of measurements at several loca-
tions along the filament propagation direction. At each loca-
tion the target was subjected to 100 shots. Figs. 1(b) and 1(c)
show typical periodic structures created by this process. The
characteristic grating period for FLIPSS in our measurement
is ~650nm. The metal targets were analyzed using a scan-
ning electron microscope (SEM).

We note that while measuring polarization through
FLIPSS extends the measurability to much higher intensities
than other direct methodologies there is still a maximum
measurable intensity. At intensities above ~10'*Wcm™2
characteristic to the laser intensities in the core of the fila-
ment, the material’s surface is damaged so that FLIPSS are
no longer recognizable and this methodology is no longer ap-
plicable. In the context of our measurements, the only pic-
tures where the entire surface is covered with FLIPSS are
the images that were taken before the onset of filamentation,
and the last images in each set that were taken after the fila-
ment has propagated about ~1 m and was attenuated to the
point that its peak intensity was below this threshold. In
other pictures, the area etched by the filament core was dam-
aged and unrecognizable, and in those cases we took our
measurements from the envelope of the filament, up to 1 mm
from the center. We assert these measurements are illustra-
tive of the polarization inside the filament mainly because in
the last two measurements of each set (where the entire
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we found there is no measurable difference in the FLIPSS
directionality between the area enveloping the filament and
the filament’s center.

Fig. 2 shows the polarization orientation evolution along
the filament. For a close-to-linearly-polarized input pulse
(¢ = 32°), the polarization orientation along the filament is
fairly stable. In contrast, for elliptically polarized input
pulses, the polarization orientation rotates along the filament.
The rotation was higher for pulses whose initial polarization
state was closer to circular. The largest rotation (60°) was
obtained for close-to-circular initial polarization.

Our experimental findings were supported by a theoreti-
cal model developed by us. In this model, dependency of the
dynamics of the polarization orientation on initial polariza-
tion state was analyzed with the following theoretical model
of two coupled weakly saturable (2 + 1)-dimensional nonlin-
ear Schrodinger (NLS) equations:'!
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FIG. 2. Angle of FLIPSS grating vs. propagation distance. The red circles,
green squares, and black rhombuses plots represent filaments created from
the initial polarization of ¢ = 14°, ¢ = 23°, and ¢ = 32°, respectively. The
definition of ¢ is given in Eq. (2) so that ¢ = 0° and ¢ = 45° correspond to
right-circular and linear polarizations, respectively. The dashed lines are
spline interpolations.
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FIG. 1. System schematics. (b)—(d) Typ-
ical pictures for close- to-linear 1:4
polarization (b), elliptical 1:2 polariza-
tion (c), and close-to-circular 1:1.2
polarization (d). Yellow arrow shows the
FLIPSS direction.
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where A. = (A,*iA,)//2 are the pulse amplitude enve-
lopes of the right and left circular polarization components
of the electric field (accordingly), z is propagation distance,
and ¢ is the small normalized saturation parameter. The
equations were made unitless by the substitution of
X+ /5x and z+— "2z, where k = 2z () is the laser wave-
length) and ny is the air refractive index, into the wave equa-
tions. In our simulations we use &= 0.00025, and an

elliptically polarized input filament with a Gaussian profile
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has great simplification of the overall dynamics. It captures
the essential elements of the coupling between the electric
field components, the Kerr nonlinearity, diffraction, and the
defocusing by the plasma (which is modeled by the nonlinear
saturation).

Due to the isotropy of system (1) and the radial symme-
try of the input filament (2), the filament remains radially
symmetric during propagation. For elliptically polarized fila-
ments the orientation of the ellipse rotates during propaga-
tion. The angle of the semi-major axis of this ellipse with
respect to the x-axis can be recovered using the Stokes’ pa-
rameters as

0(z) = —étan_lg . U= —2Im[[A}A_rdr],
O = 2Re[[A* A_rdr].

3

In the case of a pure linear polarization state ¢ = 45°,
the beam remains linearly polarized, and therefore the
“ellipse” does not rotate. In the case of a pure circular
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FIG. 3. Theoretical model predictions of
the ellipse rotation angle [Eq. (3)] vs.
normalized propagation distance, with
respect to the onset of collapse, for three
input polarization angles [see legend and

Eq. (2)].
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polarization state ¢ = 0, the beam remains circularly polar-
ized. Since the major and minor axes are equal, a small de-
parture from circular polarization will lead to fast rotations.
Therefore, one can expect that the ellipse rotation velocity
will increase as the polarization state changes from linear to
circular. To see that, Fig. 3 shows the ellipse rotation angle
vs. propagation distance predicted by the model for three dif-
ferent input polarizations: weak ellipticity (¢ = 33°), strong
ellipticity (¢ = 22°), and close-to-circular (¢ = 11°). One
can see that

1. The more the input filament is elliptically polarized, the
faster the polarization orientation rotates during
propagation.

2. The polarization orientation rotates faster during the
self-focusing process of the filament.

Both properties are seen to be in agreement with the ex-
perimental measurements in Fig. 2. We emphasize that Fig-
ure 3 is the result of qualitative model not a quantitative one
and should be treated as such. For this reason the units in the
x-axis of Fig. 3 are arbitrary.

In conclusion, we demonstrated the dynamics of polar-
ization orientation during the collapse of a laser beam into a
filament in air using FLIPSS formation. Using FLIPSS as
polarization orientation diagnostics, we measured the polar-
ization orientation at high laser beam intensities and were
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able to observe the evolution of the polarization orientation
along the filament. For initially linearly polarized light, no
significant change in the polarization orientation was
observed. For initially elliptically polarized light, the polar-
ization shifts considerably during the laser’s collapse to the
filament. Our model predicts the qualitative trend of the
polarization orientation in the experiment.

This work was partially supported by a grant from the
Israeli Science Foundation.
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