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The supercontinuum (SC) is generally assumed to inherit the polarization of the incident pulse in isotropic
media. In this study, we experimentally investigated the polarization properties of SC spectra induced by
different polarized femtosecond lasers in water. The results show that the extent of depolarization of the SC
induced by a quasicircularly polarized pulse is more pronounced than that of a quasilinearly polarized pulse. In
terms of the different spectral components, the long-wavelength components experienced more depolarization,
and the short-wavelength components tended to be linearly polarized for both polarized input femtosecond
lasers. The depolarization mechanism can be attributed to two factors, namely, the energy coupling between the
two polarized components of the input femtosecond pulse, and the various degrees of nonlinear birefringence
experienced by different spectral components of the SC during propagation.
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I. INTRODUCTION

The propagation of intense femtosecond laser pulses in
transparent media is accompanied by a series of phenom-
ena such as filamentation, terahertz radiation, supercontinuum
(SC) spectrum generation, and conical emission. The process
of SC generation was first discovered by Alfano and Shapiro
in 1970 [1]. The underlying physics of SC generation is gener-
ally complex as it involves several nonlinear processes that in-
clude self-phase modulation (SPM) [2], self-steepening [3,4],
multiphoton ionization (MPI) [5], space-time focusing [6],
four-wave mixing, and phase matching “scattering” [7,8]. In
addition to these mechanisms, chromatic dispersion also plays
arole in SC generation [9]. SC generation has attracted great
interest in the fields of science and technology. SC represents
a unique source of ultrabroadband radiation with high spectral
brightness and a high degree of spatial coherence, equivalent
to a white-light laser. SC has found numerous applications
including pulse compression [10], time-resolved spectroscopy
[11], dense wavelength division multiplexing [12], biomedical
imaging [13], and detection of pollutants using broadband
spectrum light detection and ranging (LIDAR) [14].

The polarization characteristics of SCs have considerable
potential for applications in remote sensing and time-resolved
spectroscopy. Earlier research confirmed that the generation
of SC depends on the polarization of the incident laser; the
SC was suppressed by circularly polarized light [15]. Further
research indicated that increasing the ellipticity of the incident
laser polarization with increasing ellipticity was caused by
the suppression of SC generation, which was independent
of the nature of the sample [16]. Most studies have focused
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on the laser polarization effect on the spectral intensity and
spectral bandwidth of the SC [17-19]. However, few studies
have investigated the polarization properties of SCs. The po-
larization of the SC is closely related to the polarization state
of the incident pulse. It is generally considered to follow the
state of polarization of the input pump pulse in an isotropic
medium [2]. For instance, Kartazaev and Alfano reported that
the polarization of the SC generated in fused silica and BK7
glass was the same as that of the pump light [20]. Midorikawa
et al. observed that the polarization of the SC generated from
water and fused silica was almost the same as that of the inci-
dent beam [21]. De Boni et al. reported that picosecond pulses
induced SC in water preserved the polarization state of the in-
cident beam within this temporal regime [22]. However, some
researchers disagree with the above findings [23,24]; they
found that the extinction ratio of the white-light spectra gener-
ated in BK7 experienced depolarization at higher intensities.
The depolarization was because of the contribution of free
electrons generated by MPL. In addition, Yu et al. reported that
the depolarization of white light depended greatly on the ini-
tial polarization perturbation induced by the focus lens [25].
However, most previous studies on the polarization properties
of SCs predominantly used linearly polarized incident pulses.

In this work, we studied the depolarization of SCs induced
by different polarized femtosecond lasers. The polarization
properties of all the spectral components of the SC were
analyzed. Our results showed that when the initial pulse
underwent a small perturbation, the depolarization of the
SC was amplified by the nonlinear propagation of the fem-
tosecond laser. The SC spectrum maintained nearly the same
polarization for linearly polarized input femtosecond pulses
but experienced more depolarization for circularly polarized
input femtosecond pulses. The depolarization of the short-
wavelength components of the SC was more pronounced
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FIG. 1. Experimental setup. A: aperture; VA: variable attenuator;
L: lens; QWP: quarter-wave plate; P: polarizer; F: filter.

than that of the long-wavelength components for a circularly
polarized pulse. The extent of depolarization of the SC in-
duced by a quasicircularly polarized pulse is more pronounced
than that of a quasilinearly polarized pulse. The variation of
the polarization state, originating from the energy coupling
between the two circularly polarized components of the input
femtosecond pulse and the influence of nonlinear birefrin-
gence on the different spectral components, was proposed to
explain the depolarization of SC.

II. EXPERIMENTAL SETUP

The experimental setup is schematically depicted in Fig. 1.
A Ti: sapphire femtosecond laser system (Libra-USP-HE, Co-
herent Inc., USA) operating with a pulse duration of 50 fs and
central wavelength of 800 nm at a repetition rate of 1 kHz
was used in our experiment. The input pulse was horizontally
polarized after the polarizer (PGT5012, Union Optic). The SC
spectrum induced by a single filament has been widely used in
various fields due to its good stability. Therefore, the SC spec-
trum in this paper was induced by a single filament. When the
pulse energy was slightly above the self-focusing threshold,
a single filament was obtained by regulating the laser beam
using a variable attenuator and an aperture simultaneously.
The average power of the input laser was approximately 1.2
mW, which could form a single filament in water for both lin-
ear polarization and circular polarization light. The maximum
blueshift cutoff wavelength of the SC spectrum remained con-
stant over a certain range of incident laser energies because of
the intensity clamping effect. Hence, there is little effect on the
polarization properties of SC with the same incident power.
The SC intensity induced by the linear polarization beam was
stronger as compared with the circular polarization beam at
the same average power, which was explained by the higher
threshold for self-focusing by the circular polarization beam
than that by the linear polarization beam. The laser beam was
then focused by a convex lens with a focal length of 150 mm
into a cuvette filled with de-ionized water. Different polariza-
tion states of the input beam can be obtained by rotating a
quarter-wave plate (WPZ4325-800, Union Optic). The SC is
obtained by eliminating conical emission with the aid of an
aperture after the cuvette. The SC spectra were recorded us-
ing a fiber-coupled spectrometer (USB2000+, Ocean Optics).
The 800-nm fundamental frequency light was filtered out by a
700-nm short-pass filter (FESH0700, Thorlabs), thus limiting
the range of the SC to the visible region (400-700 nm). A
polarizer (PGT5012, Union Optic) was used to analyze the
output polarization of the SC.

III. RESULTS AND DISCUSSION

We first studied the relationship between the polarization
of the input laser and the polarization property of the SC. Two
typical polarized input lasers were selected, i.e., a linearly

polarized and a circularly polarized laser. A quarter-wave
plate was used to adjust the polarization of the input laser and
was placed after the lens to avoid the depolarization induced
by the lens [25]. The polarization of the different spectral
components of the photoinduced SC was quantified by the
degree of polarization (DOP), which is defined by Eq. (1)
[26,27]:

Imax()\) - Imin()\)
PO = ———"F (D

Imax ()\) + Imin ()\)

When the polarization analyzer revolves by a cycle in 5°
increments, the spectral data are recorded. I« and Iy, are
the intensities detected as a function of wavelength. The in-
tegrated DOP can be obtained by calculating the integrated
intensity of the entire spectra. Thus, the value of the DOP is
equal to O for perfectly circular polarization, and the value is
1 for perfectly linear polarization.

The fast axis of the quarter-wave plate was first adjusted
in the same direction as the input polarization to maintain
linear polarization of the laser output from the femtosecond
laser system. The DOP of the incident pulse after passing
through the quarter-wave plate was approximately 0.99 in
our experiment. The intensity variation of the SC spectrum
under different analyzer angles is shown in Figs. 2(a) and
2(b). As shown in Fig. 2(a), the intensity of the SC spectrum
gradually decreases as the analyzer angle varies from 0° to
90° and increases as the analyzer angle varies from 100 °
to 180 °. When the polarizer angle was 90 °, the intensity of
the SC spectrum at different wavelengths was zero. The total
intensity of the SC spectrum exhibited periodic variations with
changing polarizer angle. The integrated intensity variation of
the SC spectrum with the analyzer angle was then calculated
and shown in Fig. 2(b). Triangles indicate the experimental
data and the solid line is fitted by the Malus law [28]. It is
observed that the variation of integrated intensity is in good
agreement with the Malus law. The integrated DOP of the SC
was calculated to be approximately 0.97. The results show
that the SC was linearly polarized and maintained the same
polarization as the input laser.

The incident pulse was then adjusted to be circularly po-
larized; the DOP of the incident pulse after passing through
the quarter-wave plate was approximately 0.01, which was
nearly circularly polarized. The intensity variation of the SC
spectrum with the polarizer angle is shown in Figs. 2(c) and
2(d). It is believed that the polarization of the SC is the same
as the input pulse in previous studies. This means that the SC
spectrum intensity does not vary with the polarizer angle for
a perfect circular polarization. However, the intensities of SC
spectral components change with the analyzer angles in our
experiment, as shown in Fig. 2(c). In Fig. 2(d), the circles
represent the integrated intensity of the SC in the experiment
and the solid line indicates the fitted curve by elliptical polar-
ization at different analyzer angles. The elliptical azimuth (¢)
obtained by fitting is 160 °. It is observed that the calculation
results agree well with the experimental data. Consequently,
the polarization of the SC induced by a nearly circularly po-
larized incident femtosecond laser was neither circularly nor
linearly polarized, but elliptically polarized. The integrated
DOP of the SC was calculated to be approximately 0.12.
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FIG. 2. Variation of the SC spectrum with different analyzer angles. (a) Overall spectrum and (b) integrated intensity of SC spectrum as a
function of analyzer angles for linearly polarized input beam. (c) Overall spectrum and (d) integrated intensity of SC spectrum as a function of
analyzer angles for circularly polarized input beam. Solid lines in (b), (d) are the fitting curves.

The results show that the SC experienced a certain degree of
depolarization in this scenario.

The DOPs of all the spectral components of the SC were
further analyzed, and the results are shown in Fig. 3. When
the input femtosecond laser pulse was linearly polarized, the
DOP values were close to 1 for all the spectral components,
which indicates that the SC retained a good linear polarization
characteristic for the linearly polarized input femtosecond
laser. However, in the case of the circularly polarized input
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FIG. 3. Degree of polarization over the entire SC spectra for
linearly and circularly polarized input beam.

femtosecond laser, the DOP values for all the spectral com-
ponents were greater than 0.08. This result shows that the SC
has experienced a large degree of depolarization into elliptical
polarization for a circularly polarized input femtosecond laser.
We found that the DOP has obvious fluctuations in the range
of 630 to 700 nm. This might be due to the intensity fluctua-
tions of the high-intensity long-wavelength components of the
SC and the Raman effect of the water [29].

When the incident pulse is not perfectly circularly po-
larized, the depolarization of the SC can be attributed to
the amplification of the polarization perturbation in the in-
cident pulse during its nonlinear propagation. We further
analyzed the polarization properties of the SC with differ-
ent polarized input femtosecond lasers. Two typical sets of
elliptically polarized input light with different DOPs were
artificially generated. The DOPs of the SC spectra generated
by four different quasilinear polarization states were com-
pared. As shown in Fig. 4(a), there is a larger depolarization
effect in the long-wavelength direction of the SC spectra for
a quasilinearly polarized incident laser. The values of the
DOP gradually increase toward the short-wavelength direc-
tion of the SC spectra in the range of 625450 nm. For some
short-wavelength components, the values approach 1, which
illustrates that these spectral components tend toward linear
polarization. For example, when the DOP of the input pulse
was 0.93, all the spectral components were depolarized rela-
tive to the input pulse. The DOPs of the spectral components
were greater than 0.93 at wavelengths ranging from 450 to
600 nm and exhibited nearly linear polarization. When the
input pulse was quasicircularly polarized, the DOP of the SC
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FIG. 4. DOP of the SC spectrum at different incident pulse dis-
turbance. (a) Quasilinearly polarized input laser; (b) quasicircularly
polarized input laser.

spectra was measured, as shown in Fig. 4(b). It is obvious
from Fig. 4(b) that the DOPs of the SC spectra are different
from those of the incident laser. The DOPs of the SC spectra
also gradually increased with the decreasing wavelength of
the SC spectral components in the range of 625-450 nm. This
indicates that the short-wavelength components experience
considerable depolarization. The common feature is that there
is a peak around 670 nm, which implies a large depolariza-
tion in the long-wavelength components. In addition, for both
quasilinearly and quasicircularly polarized input femtosecond
laser, the SC spectra experience more depolarization with
increasing polarization perturbation of the incident pulse.

The results shown in Fig. 4 suggest that the depolariza-
tion of the different spectral components of the SC would be
amplified for different polarized input femtosecond lasers if
the input pulse is slightly perturbed. Moreover, the DOPs of
all the spectral components of the SC gradually increase with
decreasing wavelength. This phenomenon aids the SC induced
by a linearly or quasilinearly polarized input femtosecond
laser to maintain the same linear polarization. However, the
SC induced by a circularly or quasicircularly polarized input
femtosecond laser suffers from a more pronounced depolar-
ization.

According to previous studies, different spectral compo-
nents of the SC are generated at different positions during the
laser pulse propagation [30]. The leading edge of the pulses
interacting with the medium mainly contributes to the long-

wavelength components of the SC. The short-wavelength
components are generated by the tailing edge of the pulses.
We attribute the depolarization properties of the SC spectrum
to the polarization evolution of the input femtosecond pulse
and the influence of the nonlinear birefringence on differ-
ent spectral components. The detailed explanations are given
below.

When polarized light propagates in an isotropic medium,
it is convenient to divide the optical electric field into the
right-handed circularly polarized component (E™) and the
left-handed circularly polarized component (E~). The prop-
agation of the ultrashort pulse in the medium can be described
by the coupled nonlinear Schrodinger equation, as expressed
by Eqgs. (2) and (3). The equations take into account the effects
of diffraction, normal group-velocity dispersion, multiphoton
ionization, self-focusing and plasma defocus, and cubic non-
linearity in combination.

OEY i _, . ik O°E*
. - _V*Et -
9z~ 2k * 2 92
(K)
_ %(1 tiwt)pE*t — ’BT|E|2K_2E+

. y
+ ZOmETPEY + 2 mlETPEY, Q)
3¢ 3¢

OE~ i _, ik 9’E”
9z 2k * 2 92
(K)
_ % tiwtypE- — P ppr-2E-
2 2
2iw 4iw
+ 8 EPE + EmlETPET. (3)
3¢ 3¢

Here, |E|?=|Et|?+|E"|?; the coefficient of
group-velocity dispersion is k = 8%k/dw?, k = myw/c.
The cross section for inverse bremsstrahlung is o =
ke*t Jwm.eo[1 + (wT)*], w is the optical frequency, p is
the electron density, n, is the nonlinear index, ny is refractive
index of water, T is the electron collision time, K is the
number of photons at the frequency @, and B corresponds
to the K-photon absorption coefficient.

In this study, we assumed that the right-handed circularly
polarized component (E*) was greater than the left-handed
circularly polarized component (E ™) for elliptic polarization.
We call E* the strong component, and E~ the weak compo-
nent. When the input pulse was quasilinearly polarized, E~
was slightly less than E*. However, E~ was far less than
E™ for quasicircularly polarized incident femtosecond lasers.
It can be seen from the sixth term of the equations that the
two circularly polarized components are coupled owing to
cross-phase modulation. The energy redistribution between
the right- and left-handed circularly polarized components
was investigated by simulation, as shown in Fig. 5. The nu-
merical parameters for the simulation are listed in Table I. As
the figure shows, the propagation distance was measured from
the focusing lens; the geometrical focus was located at posi-
tion 0. It was observed that the self-focusing event occurred
at 250 um before the geometric focus. The simulation result
indicates that the energy exchange between the two polarized
components begins at the self-focusing position and increases
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FIG. 5. Variation of the right- and left-handed polarized compo-
nents with propagation.

with the propagation distance. The stronger polarized compo-
nent transfers energy into the weaker one, resulting in a trend
toward equality.

The energy transfer between the polarization components
was analyzed in detail. When the linearly polarized input
pulse experiences a slight depolarization, less energy transfer
between the two circularly polarized components is required
to restore its polarization to a linearly polarized state. When
the input femtosecond pulse propagated to a certain location in
the medium, the generation of short-wavelength components
of the SC always lagged behind that of the long-wavelength
components. Therefore, the extent of the linear polarization
restoration was more intense for the short-wavelength com-
ponents, as shown in Fig. 4(a). In the case of a circularly
polarized input pulse with slight depolarization, the energy
transfer further increased its depolarization, thereby contribut-
ing to more intense depolarization in the short-wavelength
components, as shown in Fig. 4(b). Moreover, the nonlinear
refractive index of the two circularly polarized components of
the beam in the medium is given by

A ne =27 [A(E” + |E¢*) + BIEz ") /no.  (4)

For a perfectly linearly polarized pulse, the change in the
refractive index calculated was 0. For a perfectly circularly
polarized pulse, there was only one circularly polarized com-
ponent. This implies that there was no energy transfer during
the propagation in the medium. The polarization properties of

TABLE 1. Parameters used in the simulation.

Parameters Values Symbol (units)
Wavelength 800 A (nm)
Refractive index of water 1.33 no
Nonlinear index 4.1 x 1072 1, (m?/W)
Dispersion coefficient 2.0 x 107% k' (s*/m)

Multiphoton ionization order 5 K
Multiphoton ionization rate 8.3 x 1079  BK)(W!'K m?-3)
Electron collision time 10715 7 (s)

the input pulse were well maintained for perfectly linearly and
circularly polarized pulses.

The nonlinear birefringence also had a major impact on the
depolarization of the SC. Essentially, the effect of nonlinear
birefringence on the different spectral components depended
strongly on the group-velocity dispersion. The temporal walk-
off between different wavelengths is related by Eq. (5), where
vg is group velocity and n, the group refractive index. The
group velocity of the long-wavelength components of the SC
is close to that of the input fundamental frequency light;
therefore, they experienced more depolarization owing to the
significant influence of the birefringence induced by the fun-
damental frequency light. However, the group velocity of the
short-wavelength components of the SC is less than that of
the input fundamental frequency light. Correspondingly, the
short-wavelength components were affected by the walk-off
phenomena and had less depolarization. For instance, the
temporal walk-off is approximately 80 fs between the wave-
lengths 480 and 680 nm, which is larger than a pulse duration.
It means that the wavelength of 480 nm is less influenced by
the birefringence. The overall depolarization of the SC was
increased during nonlinear propagation.

1 1 z
At = Z|:vg()»,~) - vg(kk)] = ;[ng()"i) —ng(Ar)]. (5)

In general, the influence of the input pulse polarization and
nonlinear birefringence should be considered in the depolar-
ization of the SC spectrum. As discussed above, the energy
redistribution between two circularly polarized components
accumulated as the pulse propagated. The short-wavelength
components of the SC always exhibited a tendency toward
linear polarization for both quasilinearly and quasicircularly
polarized input pulses. This means that the SC will preserve
linear polarization for quasilinearly polarized pulses more and
experience more depolarization for quasicircularly polarized
pulses. In addition, all the spectral components were further
depolarized owing to the influence of nonlinear birefringence.
The depolarization of the long-wavelength components was
more pronounced than that of the short-wavelength compo-
nents. In conclusion, our results indicated that SC experienced
depolarization regardless of whether the input pulse was
quasilinearly or quasicircularly polarized. Moreover, the de-
polarization of the SC induced by a quasicircularly polarized
pulse is more pronounced than that induced by a quasilinearly
polarized pulse.

It should be noted that there was no real comparison
between the numerical model and experimental results men-
tioned above, because a more comprehensive numerical
model should be created to perform this comparison. First, the
new numerical model must contain the detailed information
about the generation of the SC spectrum. However, it is very
complicated to simulate SC generation with its exact spectral
width and intensity of each spectral component. Second, the
energy coupling of the input pulse during its propagation and
the role of nonlinear birefringence also must be considered in
the model. So in this paper, we just indirectly revealed the de-
polarization mechanism of the SC spectrum through the basic
simulation model. Building a comprehensive model and doing
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more detailed analysis about the depolarization phenomena of
the SC is our ongoing work.

Lenses, mirrors, optical films, and other optical elements
may slightly change the polarization of the incident beam.
The polarization of the SC spectrum is crucial because of its
potential applications in optical parametric amplification and
time-resolved spectroscopy. Our research suggests that it is
necessary to avoid the depolarization of the SC by reducing
the polarization perturbation of the incident light, especially
for a circularly polarized input femtosecond laser pulse.
Taking effective measures such as using a Soleil-Babinet com-
pensator can generate a perfectly circularly polarized incident
beam and further suppress the depolarization of the SC.

IV. CONCLUSION

In summary, we investigated the polarization properties of
SCs generated using different polarized input pulses. For a
linearly polarized input pulse, the SC spectrum maintained
its polarization well, such that each wavelength had good
linear polarization characteristics. When the laser beam was
imperfectly circularly polarized, the SC spectrum experienced
depolarization and exhibited elliptic polarization. The depo-
larization arising from the imperfection of the input pulse has
been increased by the nonlinear propagation of the femtosec-
ond laser. Furthermore, the depolarization properties of SCs

were studied when the input pulses were quasilinearly and
quasicircularly polarized with perturbations. In either case,
the long-wavelength components of the SC experienced de-
polarization, and the short-wavelength components tended to
be linearly polarized. Therefore, the SC has experienced less
depolarization and retained the initial polarized state for a
quasilinearly polarized input femtosecond laser. However, for
a quasicircularly input femtosecond laser, the SC has exhib-
ited more depolarization and significantly differs from the
initial polarized state. The physical mechanism of depolariza-
tion was attributed to the energy coupling between the two
polarized components of the input femtosecond pulse and the
influence of nonlinear birefringence on the different spectral
components. The result can be used for the application of
white light as a coherent light source with explicit polarization
properties.
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